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iPreface
Portable electronic devices such as laptop computer, personal digital assistance, music
player, and cellular phone require batteries with higher energy density. For these
applications, Li-ion secondary battery is mainly employed now and also the research
and development of Li-ion battery are widely conducted. However, secondary batteries
have an essential problem that they need a lot of time for charging when they go empty.
On the other hand, there are power sources that are free from such a problem. The
power sources are "fuel cells". In several kinds of fuel cells, direct methanol fuel cell is
a promising candidate for the alternative power source of secondary battery because it
has two advantages: higher energy density and non-necessity for charging.
Direct methanol fuel cell holds the theoretical weight energy density of 5,025 mAh g-1,*
which exceeds ten times of that of Li-ion secondary battery, 372 mAh g-1.† In addition
to its high energy density, DMFC doesn't need time for charging. The only thing its
users have to do instead of charging is to refill the fuel reservoir. In the future,
supposedly a fuel cartridge would be available and the only thing should be to replace
the cartridge. Therefore, DMFC is a promising power sources for the next generation
electronic devices. In the present stage of research and development, however, DMFC is
not practically used because its cell configuration and the efficiency of fuel utilization
do not satisfy the demand for commercial market.
In this thesis, fundamental analysis on passive direct methanol fuel cells, which are
suitable for portable applications, is conducted through the fabrication of prototype cells
and the evaluation of their performance as power sources. Also, some results obtained in
this thesis are fed back to the design of DMFC system and discussed.
This thesis consists of six chapters:
¸ In chapter 1, general introduction of direct methanol fuel cell is described. Also,
the research and development related to direct methanol fuel cell are overviewed.
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¸ In chapter 2, the design and development of passive direct methanol fuel cell for
portable application are mainly examined from the assumption that a passive direct
methanol fuel cell fabricated in this study is targeting for cellular phones. Several
key issues are pointed out through the experiments for further improvements.
¸ In chapter 3, the discussion focuses on the performance of electrolyte membrane,
which plays an important role in membrane electrode assemblies. In section 3.1,
the permeation of methanol through Nafion membrane is reduced by composition
of polyaniline, a proton-conducting polymer. Also, the performance of passive
direct methanol fuel cell with polyaniline/Nafion composite membrane was
examined. In section 3.2, the addition of ionic conductivity to engineering
polymers is carried out. Performance of the membrane obtained is evaluated as
electrolyte membrane for direct methanol fuel cells. The possibility of new
electrolyte membrane aiming at substitution for Nafion is studied.
¸ In chapter 4, the improvement on passive direct methanol fuel cell is carried out for
the development of portable power generation system. First, the better condition
for operating a passive direct methanol fuel cell is examined from the reduction of
contact resistance and the increase of catalytic activity. Then from the viewpoint of
methanol permeation from the anode to the cathode, the effect of thickness of the
electrolyte membrane for a passive direct methanol fuel cell is investigated. Based
on the results, a passive direct methanol fuel cell stack for portable applications is
designed by the improvement of the stack referred in chapter 2.
¸ In chapter 5, electrochemical properties for a passive direct methanol fuel cell are
discussed. For this purpose, a reference electrode has been attached to a unit cell
and potentials for both the anode and the cathode are separated. Electrochemical
impedance spectroscopy is applied to the cell to understand the behavior of passive
direct methanol fuel cell.
¸ In chapter 6, the results obtained in the chapters above are summarized and
comprehensively discussed on the research and development of the elemental
technology for energy devices made of passive direct methanol fuel cells.
                                                 
* In case pure methanol is used as fuel. Only the weight of methanol is counted.
† Only the weight of carbon anode is counted.
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Chapter 1, 1
Chapter 1
General Introduction
1.1 Principle of fuel cells [1]
1.1.1 Classification of fuel cells
Fuel cell systems can be classified according to the working temperature: high, medium
and low (ambient) temperature systems, or referring to the pressure of operation: high,
medium and low (atmospheric) pressure systems. They may be further distinguished by
the fuels and/or the oxidants they use: (1) gaseous reactants (such as hydrogen,
ammonia, air and oxygen), (2) liquid fuels (alcohols, hydrazine, hydrocarbons) or (3)
solid fuels (e.g., coal, hydrides). Strictly speaking, zinc-air or aluminum-air systems,
which have a replenishable metal supply (in powder, rod or sheet form) and a
continuous removal process for the produced oxides, are fuel cell systems as well.
However, it is unconventional to call them so.
For practical reasons, fuel cell systems are simply distinguished by the type of
electrolyte used and the following names and abbreviations are now frequently used in
publications: Alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), molten
carbonate fuel cells (MCFC), solid oxide fuel cells (SOFC) and proton exchange
membrane fuel cells (PEFC or PEMFC).
Subsequent classifications are discussed with the systems. For example, the principle
division into direct and indirect fuel cells has its basis at the electrode level. In direct
cells, hydrogen gas is ionized at the hydrogen electrode (anode of fuel cells) and
participates directly in the electric power generating reaction. In indirect cells,
chemicals e.g., ammonia, alcohol, cyclohexane, methane, or aviation of turbine fuels are
cracked or steam reformed to hydrogen containing mixtures of gases. This is usuall
2done outside of the fuel cell with the aid of catalysts at high temperatures. Only the
hydrogen in the gas mixture reacts electrochemically at the electrode.
Details of the classification are described in the following.
(a) Alkaline fuel cell, AFC
The electrolyte in this fuel cell is concentrated (35-50 wt. %) KOH for low temperature
applications. The Alkaline Apollo Fuel Cell worked at 250 oC (KOH: 85 wt. %).
Oxygen reduction kinetics are more rapid in alkaline electrolytes than in acid
electrolytes, and the use of non-noble metal electrocatalysts in AFCs is feasible. A major
disadvantage of AFCs is that alkaline electrolytes (i.e., NaOH, KOH) do not reject CO2.
The consequence of this property is that AFCs are currently restricted to specialized
applications where pure H2 and O2 are utilized.
(b) Molten carbonate fuel cell, MCFC
The electrolyte in this fuel is usually a combination of alkali (Na, K, Li) carbonates,
which is retained in a ceramic matrix of LiAlO2. The fuel cell operates at 600-700 
oC,
where the alkali carbonates from a highly conductive molten salt, with carbonate ions
providing ionic conduction. At the high operating temperatures in MCFCs, Ni (anode)
and nickel oxide (cathode) are adequate to promote reaction and noble metals are not
required.
(c) Phosphoric acid fuel cell, PAFC
Concentrated phosphoric acid is used for the electrolyte in this fuel cell, which operates
at 160-220 oC. At lower temperatures, phosphoric acid is a poor ionic conductor and CO
poisoning of the Pt electrocatalyst in the anode becomes more severe. The relative
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stability of concentrated phosphoric acid is high compared to other common acids;
consequently the PAFC is capable of operating at the high end of the acid temperature
range (100-220 oC). In addition, the use of concentrated acid (~100 %) minimizes the
water vapor pressure so water management in the cell is not difficult. The matrix
universally used to retain the acid is silicon carbide, and the electro catalyst in both the
anode and cathode is Pt.
(d) Polymer electrolyte fuel cell, PEFC
The electrolyte in this fuel cell is an ion exchange membrane (fluorinated sulfonic acid
polymer or other similar polymers) that is a good proton conductor. The only liquid in
this fuel is water, thus corrosion problems are minimal. Water management in the
membrane is critical for efficient performance; the fuel cell must operate under
conditions where the byproduct water does not evaporate faster than it is produced
because the membrane must be hydrated. Because of the limitation on the operating
temperature imposed by the polymer and problems with water balance, usually less than
100 oC, a H2-rich gas with little or no CO is used and higher catalysts loadings (Pt in
most cases) than those used in PAFCs are required in the anode and cathode.
(e) Solid oxide fuel cell, SOFC
The electrolyte in this fuel cell is a solid, non-porous metal oxide, usually Y2O3-
stabilized ZrO2. The cell operates at 650-1000 
oC where ionic conductivity by oxygen
ions takes place. Typically, the anode is Co-ZrO2 or Ni-ZrO2 cermet, and the cathode is
Sr-doped LaMnO3.
41.1.2 Operating principle
(a) The electrode mechanism of fuel cells
Although, there are several types of fuel cells, the previous section has shown that the
H2-O2 fuel cells are of major significance. Especially the alkaline fuel cell (AFC), which
was used in space (space shuttle), the phosphoric acid fuel cell (PAFC), which is mainly
used in co-generation systems terrestrially, form the two best known systems. In
addition, the polymer electrolyte membrane fuel cell (PEFC) has achieved a
breakthrough in performance recently.
In an electrochemical cell making use of gaseous reactants, the anodic and cathodic
reactants are fed into their respective chambers and an electrolyte layer is situated
between the two electrodes. The half-cell reaction at the anode yields electrons, which
are transported through the external circuit and reach the cathode. These electrons are
then transferred to the cathodic reactants. The circuit is completed by the transport of
ions from one electrode to the other through the electrolyte. The electrode reactions of a
hydrogen-oxygen fuel cell in acid or alkaline electrolyte, and the overall reactions, are
as follows:
In acid electrolyte
Cathode:
† 
O2 + 4H
+ + 4e- Æ 2H2O
† 
E o =1.229 V (1.1)
Anode: 
† 
2H2 Æ 4H
+ + 4e-
† 
E o = 0 V  (1.2)
Total: 
† 
2H2 + O2 Æ 2H2O
† 
E o =1.229 V (1.3)
In alkaline electrolyte
Cathode:
† 
O2 + 2H2O + 4e
- Æ 4OH-
† 
E o = 0.401 V (1.4)
Anode: 
† 
2H2 + 4OH
- Æ 4H2O + 4e
-
† 
E o = -0.828 V (1.5)
Total: 
† 
2H2 + O2 Æ 2H2O
† 
E o =1.229 V (1.6)
The basic electrochemical cell consists of two electrodes separated by an electrolyte.
The energy conversion reactions occur at the electrodes, with fuel oxidation at the anode
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and oxidant reduction at the cathode. Some other fuel cell reactions are listed in Table
1.1.1.
Table 1.1.1 Thermodynamic data for some candidate fuel cell reactions under standard
conditions at 25 oC [1].
6(b) Overvoltage
Electrode polarization (overvoltage)
The losses in galvanic elements under the conditions of delivering current are
determined by the kinetics of the electrode reactions, by the physical structure
(geometry) of the cell and by the type of the electrolyte used. These losses have been
called "polarization" since the early days of electrochemistry. This expression
summarized a multitude of phenomena, which were related to the kinetics of the
electrode reactions and to the state of the dynamic equilibrium. Specifically, they were
influenced by the ionic mobility of the reaction partners (by mass transport situation in
porous structures) and even responded to factors in the cell design, for example to the
dependence of the cell resistance on the geometrical shape of the electrodes.
Instead of the expression "polarization", the more descriptive word "overvoltage" is
often used. This expression can now be used for the current producing (discharge)
process of a galvanic cell, or for the current uptake (charging, electrolyzing, plating)
processes in an electrochemical system. From a practical point of view, the
"overvoltage" is the voltage difference that is measured between the "open circuit
voltage" and the "terminal voltage" under the conditions of current flowing in either
direction. The terminal voltage is therefore also termed "closed circuit voltage". On
discharge, the terminal voltage is lower, while on charge the terminal voltage is higher
than the open circuit voltage. The "overvoltage" can simply be considered to be a
measurable value for the losses appearing as a result of the current flow in either
direction.
In what way the current flow was originated by the voltage differences and, vice versa,
how the current flow in turn influenced these voltage differences are theoretical
questions that were extensively discussed in the textbooks of physical chemistry and
electrochemistry during the 1960s and 1970s [2].
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Types of overvoltage
Useful amounts of work (electrical energy) are obtained from a fuel cell only when a
reasonably large current is drawn, but the cell potential will be decreased from its
equilibrium potential because of irreversible losses. There are several sources that
contribute to irreversible losses in a practical fuel cell. The losses are often called
polarization, overpotential, or overvoltage (see Fig. 1.1.1).
Fig. 1.1.1 Polarization curves of a H2-O2 cell illustrating the components of the cell
voltage [1].
81) Open circuit voltage
Open circuit voltage describes the voltage that can actually be measured at the terminals
of an idling cell and is a commonly-used value for a cell (at a given time) under no-load
conditions. The value is usually different from the often calculated, on the basis of
thermodynamic data, "theoretical open circuit voltage", which is the same as the
"electromotoric force" (EMF) of a cell and strictly determined under convection-defined
standard conditions. There is also the expression "open circuit voltage difference". This
describes the difference between similar cells under various conditions, and
occasionally also the differences between the theoretical and actually measured voltages
of the same cells.
2) Activation overvoltage
Activation overvoltage is an expression for the voltage loss caused by the fact that the
charge transport (charge transfer) in any material or process has a limited speed. The
limitations that are considered here are those that typically can be influenced by
activation of catalyst. Temperature usually has a large influence on this type of
overvoltage.
3) Concentration overvoltage
Concentration overvoltage stands for voltage difference caused by diffusion processes
(pressure gradients, changes in the usage rates of gases or liquids). The delay in
reaching steady-state conditions, or the absence of equilibrium conditions as a result of
the current flow using up or producing materials, are sources of concentration
differences. Other parameters are, for example, the porosity of materials, which
influence the gas or liquid flow, or the permeability of membranes changing the ionic
flow.
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4) Reaction overvoltage
Reaction overvoltage is a term for the voltage difference appearing when an earlier or
simultaneous (related) chemical reaction produces another compound which changes
the operating conditions, for example, the water produced in a hydrogen-oxygen cell
dilutes the electrolyte, which then caused an electrolyte concentration change at the
electrode interface.
5) Transfer overvoltage
Transfer overvoltage is unfortunately used vaguely in many connections and should be
limited to the description of the changes in potential under load conditions as a
fundamental interrelation of current and potential.
6) Resistance overvoltage
Resistance overvoltage has no correlation with any chemical process at the electrode
and is simply the voltage drop across the resistive components of the cell. There is a
differentiation to be noted here: the ohmic resistance of the electron-conductors (metal,
carbon) and the resistance of the ionic conductors (electrolytes), which mathematically
show the same essentially linear dependence (Ohm's law) but are based on ion-mobility
characteristics. This is apparent when measurements are made with alternating currents
at different frequencies or with dc pulse currents. The speed of charge transfer by
electron flow compared with ionic flow is about 100:1. This difference is important for
electrode reactions, which always occur on the interface between conductors and
electrolytes. If the electrodes are porous, the supply of ions and the charge transfer is
usually the limiting process. Fuel cell electrodes having a three-phase interface (solid
conductor, electrolyte, and gaseous reactants) may also have a gas supply limitation
determining the maximum current flow.
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Resistance measurements can also be in error because the interfaces between the
electrode surfaces and electrolyte act as a capacitor (pseudo-capacitor). Such an
"electrolytic capacitor" can store far larger amounts of electricity than a physical
capacitor consisting of two plates and gas or vacuum as dielectrics. New "super-
capacitors", which can be discharged in fractions of milliseconds contain high surface-
area materials (carbon, Ru-oxides) as electrodes and approach the storage capacity of
batteries [3].
These two groups of overvoltages can be measured and separated by means of a circuit
which loads the cell with a dc current and, at the same time, with a superimposed ac
current of a defined frequency. More conveniently, a pulse current circuit can be used.
This separates the "fast electronic" voltage differences that follow Ohm's law practically
instantaneously, and measures the sum of all the "slow" polarization differences (of
electrochemical origin) between the pulses. Such a measuring device, called the
"Kordesh-Marko Bridge" was developed in 1960 and has found very wide use in battery
and fuel cell technology [4,5].
The circuit measures the voltage of a cell under load (the load being the average current
of the pulses) but eliminates the voltage drop caused by the current flowing through the
rapidly responding "ohmic" resistances (solid electrode structure and the bulk
electrolyte). The measured voltage is "resistance-free". The slow electrochemical
processes cannot change significantly (only 1 to 2 % in 1 msec) during the interruption
period, and the "resistance-free voltage" is actually an "open circuit voltage under load
conditions". The analytical value of such measurements has also been used extensively,
also in sensor circuits for determination of the state of charge of batteries.
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(c) Fuel cell efficiency
Total efficiency of a fuel cell system includes (excluding parasitic currents and self-
discharging) pumping of the fuel and the oxidation material, and also the necessary
energy for heating, cooling, compression and auxiliary installations. Exact data depend
heavily on the system design and can only be obtained experimentally (see Fig. 1.1.2).
Fuel cell systems are often used as co-generation systems, and total efficiency often
includes the thermal and electrical efficiency. Because the electrical energy in an energy
form of a higher quality than the thermal energy, it is very important to make an energy
analysis with also includes application of the second law of thermodynamics.
Fig. 1.1.2 Efficiencies of different technologies as a function of scale [1].
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(b) Design of cell stack
As mentioned in equations (1.3) and (1.6), the theoretical cell voltage obtained with one
fuel cell is 1.229 V. However, overvoltages are subtracted from the theoretical cell
voltage when fuel cells are in practical use. Therefore, in order to generate sufficient
electricity and other energy like heat for operating a certain device or equipment, fuel
cells have to be stacked to satisfy the demand for the energy.
Two basic designs of fuel cell stack use monopolar or bipolar construction (see Fig.
1.1.3). For current collection purposes, monopolar electrodes have tabs and are
connected to one another at their edges. The edge of frame collection of the current
requires good electrode conductivity. This is no problem with porous metal electrodes,
but with carbon electrodes metal screens, expanded metal or metal felt structures are
required. Current distribution at high current densities is an important factor in all
monopolar cells. Non-uniformities are transferred throughout the stack being equalized
by the resistance of the electrolyte layers. In general, an electrode size up to 400 cm2
can be handled with frame or edge-current collection. Beyond that size, uneven current
distribution, due to the voltage-drop on the tapering ohmic resistance, is too high to be
acceptable. On the other hand, monopolar cells can be connected individually in the
stack, depending on the voltage-current demands. A single cell can also be disconnected
in the case of failure without seriously distributing performance.
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Fig. 1.1.3 Types of cell construction: (A) monopolar and (B) bipolar design [1].
Using Ohm’s law, the resistance of the wire or plate of the cell can be calculated as
R = rl/A (1.7)
where R = resistance, r = specific resistance, l = length of the connector and A is area of
the connector. In monopolar design, l is long and A is small; but in bipolar design, l is
short and A is large. Therefore, if r is the same value, the inter-cell resistance is much
smaller in bipolar design than in the monopolar design.
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1.2 Direct methanol fuel cell (DMFC)
1.2.1 Introduction [1,6,7]
Electrochemists are challenged to use a fuel that is easily transported and converted into
energy from the liquid state. Methanol is the favored fuel [8]. The direct methanol/air
fuel cell (DMFC) used a sulfuric-acid electrolyte because of the need to reject CO2
produced during the electro-oxidation of methanol. Nowadays, an electrolyte membrane
that has sulfonic group (-SO3
-) is often used instead of the sulfuric-acid electrolyte [9-
20].
In an acid medium, the overall reaction of methanol oxidation can be written as follows
[21]:
† 
CH3OH + H2O Æ CO2 + 6H
+ + 6e-
† 
E o = 0.029 V vs. SHE (1.8)
To operate a DMFC, methanol/water mixture is supplied to the cell in liquid or vapor
form. The principle of operation was almost the same as PEFCs as shown in Fig. 1.2.1.
Fig. 1.2.1 Schematic diagram for DMFC.
The advantages of methanol as a high energy fuel and the system simplicity offered by
the process of direct oxidation at ambient temperatures makes the DMFC an excellent
H+CH3OH/H2O
CO2
O2 or Air
H2O
Load
e-
Anode Cathode
Polymer electrolyte
membrane
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candidate for portable power systems. The theoretical energy content of methanol is
approximately 6,000 Wh kg-1. Hydrogen storage systems even with 10 % storage (by
weight), can only offer a theoretical energy content of 3,200 Wh kg-1. Methanol being a
liquid fuel can be transported at ambient pressures as a pure liquid or as an aqueous
solution. Thus, methanol can be deployed in a consumer environment with little concern,
and portable power systems that can be refueled by the consumer from a disposable
cartridge or fuel bag are conceivable. Issues with transportation and handling of
hydrogen in a consumer environment have always presented grave concerns, and
methanol is certainly perceived to be significantly safer than hydrogen. However, risks
arising from widespread methanol use will require new safeguards and regulations.
From a technology viewpoint, the direct oxidation of methanol in a fuel cell is a much
simpler system compared to those indirect hydrogen/air fuel cell systems that require
fuel processing to generate hydrogen. Also, the technological advances in performance
and efficiency of DMFCs achieved in the last 10 years have led to the design of several
prototype demonstration units by various organizations. Most of the system
demonstrations to date have focused on proving the feasibility of novel stack designs,
membrane types, integrated system configurations, and miniaturization concepts.
In addition to the advantages and problems stated above, the comparisons of advantages
and problems are made in details in the following part. The advantages of the methanol
liquid-feed fuel cell over the cells designed for gas-feed may be summarized as follows:
¸ elimination of fuel vaporizer and its associated heat source and controls,
¸ elimination of complex humidification and thermal management systems,
¸ dual-purpose use of the liquid methanol/water as fuel and as an efficient stack
coolant,
¸ significantly lower system size, weight and temperature than existing fuel cell
systems.
In spite of these advantages, however, the DMFC remains poorly developed compared
to other fuel cells, and it has been suggested that the obvious advantages of methanol as
a fuel should be harnessed by prior reforming of the methanol to yield hydrogen and
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CO2 [22]. Great difficulties have also been encouraged in improving the efficiency of
the DMFC itself. These problems may be summarized as:
¸ acid electrolytes must be used because carbonate formation is a serious problem in
alkaline solution, particularly at the current densities regarded as commercially
desirable. The acid electrolyte causes problems of corrosion and, more
fundamentally, is responsible for the slow kinetics of the reduction of oxygen at the
air cathode.
¸ similar electro-catalysts have been proposed for both anode and cathode, leading to
the problem of mixed potentials at both electrodes and a marked reduction in
efficiency. This is a particular difficulty at the cathode and partitioning the cell with
a membrane to avoid "chemical short circuits" will introduce a further source of
inefficiency and resistance. The anode reaction is very slow near the
thermodynamic potential, at least on the catalysts currently used. A large
overpotential loss is therefore encountered [23].
¸ the catalysts currently used for the anode are all based on a high platinum content.
These catalysts are easily poisoned both by impurities and (more seriously) by
products of the anodic reaction itself [24].
These difficulties have rendered the DMFC an apparently far less attractive option than
other cell designs, particularly in vies of the fact that both anode and cathode suffer poor
kinetics, which is significantly worse than polymer electrolyte fuel cells (PEFCs). The
DMFC will only play an important role in future developments if substantially better
performance at both anode and cathode can be realized.
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1.2.2 Classification of DMFC system
(a) Active system
An active DMFC system requires pumps or other ancillary devices to feed fuel,
methanol aqueous solution, and oxidant, air or oxygen, to the cell. The cell stack is now
under development and for research and development in lab scale, unit cells whose
electrode area is 5 cm2 or 25 cm2 is widely used. For fuel cell vehicles or other high
power applications, the electrode area must be increased to the adequate dimensions
because large current is withdrawn from the cell. At Los Alamos National Laboratory, a
five-cell stack of 45-cm2 active area was fabricated and its performance was examined
[9]. They performed as a part of fundamental studies, optimization of anode catalyst
layers in terms of PtRu catalyst nature, loading and catalyst layer composition and
structure. That's the key technology for the fabrication of MEAs.
(b) Passive system
Passive DMFC system is a promising candidate for portable power sources in future
portable devices because it does not require the pumps or other ancillary devices to feed
fuel or air [9,14,15]. Recently, many companies including Motorola, Samsung, Toshiba,
DuPont, Polyfuel, NEC, MTI, LG Chem, Casio, and Smart Fuel Cell entered into the
business of micro-DMFC, so the category of sub-Watt to several-Watts DMFC has been
attracted attentions [15]. Some of the companies have already demonstrated their
passive DMFCs in exhibitions. The demos are targeted for laptop computers, portable
music players, and also cellular phone, and so on [26]. To make the most of the energy
density of passive DMFC, methanol concentration should be close to 100 %. In such a
case, the crossover of methanol through the electrolyte membrane causes a significant
loss of fuel. No small numbers of companies are now developing electrolyte membranes
with low methanol permeability for DMFCs.
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1.3 Electrolyte membrane for direct methanol fuel cells
1.3.1 Introduction [27,28]
Methanol itself is a fuel that possesses significant electroactivity and can be oxidized
directly to carbon dioxide and water in so-called direct methanol fuel cells. Methanol is
liquid at room temperature, easy to handle, it has a high energy density and can be
generated from a variety of sources such as natural gas, coal and even biomass.
Furthermore, it is biodegradable. However, it is toxic and completely miscible with
water, thus, requiring different safety procedures from the ones commonly used with
gasoline. Yet, there are two major obstacles hindering the use of DMFCs: (1) limited
activity of the anode catalyst and (2) methanol crossover to the cathode, thus, poisoning
of the cathode catalyst, Pt, by formation of a mixed potential [29]. So the performance
of DMFCs is limited by the crossover of methanol through the electrolyte membrane.
1.3.2 Recent advances and developments [28]
The efforts of methanol crossover have been studied by various authors [30-34].
Methanol crossover is detrimental since it reduces both the Coulombic efficiency of the
fuel cell and the cell voltage. Work by Ren et al. [35] showed a crossover of methanol
equivalent to 80 mA cm-2 at a cell current density of 150 mA cm-2 using a Nafion
electrolyte in a liquid fed DMFC at 80 oC. Furthermore, they showed a total water
transport to the cathode of 355 mg cm-2 h-1 under these conditions, which leads to
severe flooding effects of the cathode. The effects of methanol crossover can be
controlled to a certain extent by strictly correlating methanol feed concentration with the
actual current demand of the cell [36]. In any case, it is highly desirable to find
electrolyte membranes that reduce the methanol and water crossover significantly.
Considerable effort has been devoted to the development of electrolyte membranes
showing reduced methanol crossover. Membranes containing metallic blocking layers
were proposed [37,38]. Organic-inorganic composite membranes containing Zr-
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phosphonates [39], tin doped mordenites [40,41], zeolites [42] or silica [43,44] was
investigated. A reduction of methanol crossover was observed by doping Nafion with
Cs+-ions [45] and calcium phosphate [46,47]. Other promising composite membranes
are containing polybenzimidazole and phosphoric acid [48].
Further promising alternatives are composite membranes made from blends of acidic
and basic polymers [49]. These membranes are made by blending acidic polymers such
as sulfonated polysulfones (sPSU), sulfonated polyetherketones (sPEK) or sulfonated
polyetheretherketones (sPEEK) with basic polymers such as poly(4-vinylpyridine)
(P4VP), polybenzimidazole (PBI) or a basically substituted polysulfone (bPSU). In
these materials, electrostatic forces from salt formation between acidic and basic groups
achieve reversible cross-linking of the polymer, which is also clearly visible in IR-
spectroscopy [49-51]. The materials show excellent thermal, mechanical, chemical, and
dimensional stability.
1.3.3 Perfluorosulfonated ionomer membrane [52]
Perfluorosulfonated ionomer (PFSI) membranes are composed of a polytetrafluoro-
ethylene backbone and perfluorinated pendant side chains terminated by a sulfonate
ionic group [53,54]. These polymers are commercialized as ion-exchange membranes
by Du Pont de Nemours & Co. under the trade name Nafion to be used as electrolyte
polymer separator in many electrochemical devices. The structure of Nafion is shown in
Fig. 1.3.1
Fig. 1.3.1 Structure of Nafion.
Main chain
O
(CF2CF2)n
(CF2CF2O)k CF2CF2
(CF2CF)m
SO3H Side chain
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Gierke et al. reported that Nafion has "cluster-network" in the membrane form [53]. The
polymeric ions and absorbed electrolyte phase separate from the fluorocarbon backbone
into approximately spherical clusters connected by short, narrow channels. The
polymeric charges are most likely embedded in the solution near the interface between
the electrolyte and fluorocarbon backbone. This configuration minimizes both the
hydrophobic interaction of water with the backbone and the electrostatic repulsion of
proximate sulfonate groups. The dimensions shown in Fig. 1.3.2 were deduced from
experiments. The shaded areas around the interface and inside a channel are the double
layer regions from which the hydroxyl ions are excluded electrostatically.
Fig. 1.3.2 Cluster-network model for Nafion perfluorinated membranes [53].
Chapter 1, 21
1.3.4 Hydrocarbon membrane [27]
Membranes made of fluorocarbon has chemical stability and higher ionic conductivity,
however, their commercial price is higher than hydrocarbon membranes. So the
electrolyte membranes at a reasonable price are strongly demanded. The promising
candidates are membranes made of aromatic hydrocarbon modified with sulfonated
group as shown in Figs. 1.3.3 and 1.3.4. Sulfonated polyetherketone and polyimide have
higher ionic conductivities such as 10-1 S cm-1.
Fig. 1.3.3 Structure of sulfonated polyetherketone [27].
Fig. 1.3.4 Structure of sulfonated polyimide [27].
Another candidate is derivatives of polybenzimidazole (PBI). PBI has higher ionic
conductivity with anion doping, as shown in Fig. 1.3.5.
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(a)
(b)
Fig. 1.3.5 Derivatives of polybenzimidazole: (a) polymers containing proton accepter in
themselves and (b) polymers doped with acidic agents [27].
PBI shows higher ionic conductivity and lower methanol permeability than Nafion
according to the literature [55], if the leak of phosphoric acid is suppressed, PBI doped
with phosphoric acid can be a promising candidate for the electrolyte membrane for
DMFCs.
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1.4 Summary and overview of the work
1.4.1 Summary
The main goal of the work is to provide a scientific knowledge about passive DMFCs
especially regarding their application to portable power sources. To achieve the goal,
fundamental analyses on passive direct methanol fuel cells were carried out through the
fabrication of prototype cells and the evaluation of their performance.
The analysis clearly indicated that the compressive load applied to the cell was effective
to decrease the contact resistance between the current collectors and the MEA, which
contributed toward the improvement of cell performance. Also, it was found that the
ionic conductivity of the interface between the electrode and the electrolyte membrane
was of great importance over the methanol permeability of the membrane. In addition,
the method for separating the anode and cathode potentials was established. The method
enabled us to analyze the performance of each electrode precisely.
These innovative findings will serve as a useful guideline for engineers working in this
field in the future.
1.4.2 Short overview of the main chapters
Chapter 2 described the fabrication of a room temperature operating direct methanol
fuel cell (DMFC) for portable electronic devices and its performance as an electrical
power source for cellular phone. The cell fabricated in this experiment was completely
passive without external pumps or other ancillary devices, and took oxygen from the
surrounding air, whereas the methanol solution was stored in a built-in reservoir. Also, a
maximum power as high as 2 W was achieved with 20 cells connected in series, which
was largely commensurate with cellular phone requirements. The DMFC cell stack
coupled to DC-to-DC converter was capable of powering a cellular phone. The
maximum power consumption for talk mode was of 1.2 W while 1.8 W was withdrawn
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from the stack when receiving a call. Based on the experiments, several problems were
pointed out for the improvement of the cell performance. The next steps for the
improvement of cell performance should be on electrolyte membranes and also cell
configurations.
In chapter 3, electrolyte membranes, which have an important role in membrane
electrode assemblies, were investigated. The approaches were: (1) to decrease methanol
permeability of membranes that have high ionic conductivity, and (2) to increase ionic
conductivity of membranes that have low methanol permeability. As shown in chapter 2,
the cell needed improvement of performance. From this point, chapter 3 investigated the
relationship of the ionic conductivity and the methanol permeability of the electrolyte
membrane, showing that the ionic conductivity, especially that of the interface of the
membrane and electrodes, had a significant effect on the cell performance.
Other parameters for the improvement of cell performance include the cell
configuration and also the MEA. Therefore, chapter 4 further studies the design,
fabrication, and performance of passive DMFCs focusing on the contact resistance of
the current collectors and the MEA, and on the mass of methanol crossed over to the
cathode. The improved cell ran successfully with methanol concentration ranging from
0.5 to 4 M. It produced a power density of 11 mW cm-2 reached with 4 M methanol at
current densities as high as 36 mA cm-2 and at a voltage of 0.3. Based on the
performance of this cell, new stack was designed. Then a part of the stack was
fabricated and its performance was evaluated with the variations of the thickness of
electrolyte membrane.
The previous chapters investigated the polarization curves and in some part the
impedance of the cell was measured. In addition to the results obtained, electrochemical
properties would be required for the interpretation of fundamental characteristics. In
chapter 5, electrochemical properties for a passive DMFC was investigated with a
pseudo dynamic hydrogen electrode calibrated against an Ag/AgCl reference electrode,
focusing on the separation of the potentials of the anode and cathode. The separated
potentials enabled us to evaluate the performance of each electrode. The potentials were
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investigated and also overvoltages of the cell were examined. The overvoltages were
attributed to the cell impedances by electrochemical impedance spectroscopy. The
results revealed that the cell performance was strongly affected by the performance of
the anode.
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Chapter 2
A Novel Passive Direct Methanol Fuel Cell
In this chapter, the fabrication of a room temperature operating direct methanol fuel cell
(DMFC) for portable electronic devices and its performance as an electrical power
source for portable phone are described. The cell is completely passive without external
pumps or other ancillary devices. It takes oxygen from the surrounding air, whereas the
methanol solution is stored in a built-in reservoir. Also, a maximum power as high as 2
W, of the cell stack with 20 cells connected in series, which was largely commensurate
with cell phone requirements, was achieved. The DMFC coupled to DC-to-DC
converter was capable of powering a cell phone. The maximum power consumption for
talk mode was of 1.2 W while 1.8 W was withdrawn from the stack when receiving a
call. Based on the experiments, several problems were pointed out for the improvement
of the cell performance.
2.1 Introduction
Tremendous interest and significant efforts in developing micro (sub-Watt) and portable
(1-20 W) direct methanol fuel cell systems are being made by several organizations
around the world [1-15]. Portable electronic applications may be the first significant
entry point for fuel cells into the commercial market. It is projected that small fuel cells
will one day supply power for a broad range of consumer/portable products such as
cellular phones, laptop computers, PDAs, digital cameras, and electronics games.
Among fuel cells, direct methanol fuel cell (DMFC) has been deemed as a potential
substitution to conventional batteries for powering various micro-systems or portable
devices. Methanol is to a great extent easier to store and transport without auxiliary
devices for intermediate fuel processing and fuel reforming steps which are required by
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hydrogen-oxygen fuel cells. As well, byproducts of DMFC are ecologically inoffensive
CO2 and water.
Further key advantages of direct methanol fuel cell technology for portable applications
are: room temperature startup, performance near ambient conditions, the use of a liquid
fuel, system simplicity, i.e., air breathing mode of operation, and competitive cost. The
fact that DMFC can operate at ambient temperature significantly reduces the thermal
management challenges [8]. Towards these purposes, a 1-2 W DMFC prototype is
currently under development targeted as a battery replacement in cellular phones. This
work studied the design, fabrication, and performance evaluation of a passive DMFC
stack for portable applications. The cell stack is completely passive with no external
pumps or other ancillary devices. It takes oxygen from the surrounding air, whereas the
methanol solution is stored in a built-in reservoir. A schematic view of the DMFC
system intended for a cellular phone is shown in Fig. 2.1.1.
Fig. 2.1.1 Schematic view of the DMFC system intended for a cellular phone.
DC/DC
converter
DMFC stack
During call
0.9 Ｗ, 3.8 V
1 2 3
4 5 6
7 8 9
* 0 #
10:00 am
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2.2 Design of a prototype cell
2.2.1 Experimental
Backing layers of anode and cathode consisted of a carbon paper (Toray) of 205 mm in
thickness, and a carbon paper Teflon coated (Electrochem) of 240 mm in thickness,
respectively. Slurry for the catalyst layer was prepared by dispersing carbon supported
PtRu (30.1 wt.% Pt, 23.3 wt.% Ru on Ketjen Black) for anode or carbon supported Pt
(47.2 wt.% on Vulcan XC72R) for a cathode into a commercial 5 wt.% Nafion solution
(Aldrich) mixed with 1,2-dimethoxyethane (Wako). Composition of the slurries for both
electrodes is shown in Table 2.2.1.
Table 2.2.1 Weight ratios of the chemicals and catalysts in slurry.
The resultant slurry was spread on the carbon papers using a doctor blade. Subsequently,
the coated carbon papers were dried at 80 oC for 30 min and at 140 oC for 1 h in the
oven. Nafion 112 membrane (thickness: 51 mm, equivalent weight 1,100, ionic
conductivity 0.083 S cm-1, DuPont) was pretreated by sequential immersion in boiling
solution of 3 vol. % H2O2, distilled water, boiling solution of 1 M H2SO4, and distilled
water, where each step lasted for 2 h. The catalyzed electrodes for the anode and
cathode respectively were positioned on both sides of the pre-treated Nafion 112 and hot
pressed at 135 oC and 9.8 MPa for 5 min to form a unit of MEA. Polarization curves
were obtained by using a Potentiostat/Galvanostat (Hokuto Denko HA-501G).
Pt Ru C Solvent* Nafion
Cathode 4 - 4.5 120 2
Anode 2.6 2 4 120 3
*1,2-dimethoxyethane
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2.2.2 Current collectors and optimization of the catalyst loading
In this section, the works on two design variables are described: (i) the current
collectors and (ii) the catalyst loading. For these purposes, as a test vehicle, a 7.5 cm2
active area DMFC was designed and is shown in Fig. 2.2.1. A methanol reservoir was
constructed out of Poly(methyl methacrylate) (PMMA) and silicone rubber. The
dimensions of the reservoir were: 25 mm x 6-7 mm x 30 mm (h). Approximately 5 mL
of liquid methanol solution were injected into the fuel reservoir using a syringe. The
cathode was open to air as indicated in the figure, i.e., the air was supplied by natural
convection. Therefore, the entire DMFC is a pump-less operation and self-activated by
electrochemical reactions. All the components of the small DMFC that are shown in Fig.
2.2.1(a) were machined and put together using bolts on the four corners of the cell as
pictured in Fig. 2.2.1(b).
Fig. 2.2.1 The small air passive direct methanol fuel cell: (a) cross-sectional schematic
view and (b) photograph. Active area of the cell is 7.5 cm2.
Methanol
Reservoir
Current collectors
Si rubber
MEA
Air in
Air in
PMMA frame
(a) (b)
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Two types of current collectors (CC) were tested. The first CC was a perforated stainless
steel (SUS mesh) sheet of 0.5mm thickness with an open area of 20 % was used on both
anode and cathode sides. The second was the same SUS mesh but gold plated (SUS/Au)
according to a reported procedure [16]. The bath condition is shown in Table 2.2.2.
Table 2.2.2 Bath composition for gold plating.
Fig. 2.2.2 shows comparative results of runs on SUS and SUS/Au current collectors.
The voltage-current measurements were started after the methanol solution was poured
in the cell for 10 min. Each data point represents typical steady state voltages that were
taken after continuous operation for 30 sec at the indicated current density. Fig. 2.2.2
demonstrates that use of the gold plated SUS on both anode and cathode sides has
increased the passive DMFC performance. The maximum power density nearly doubles,
the maximum usable current density increases, and the open cell voltage in the kinetics
region is increased by 50 mV. Use of gold eliminates any contact resistance at the
current-collector electrode interface. In subsequent experiments described below, only
gold plated SUS mesh was used as the current collector. Afterwards, we attempted to
optimize the amount of Pt catalyst per unit area in the 30.1 wt.% Pt-23.3 wt.% Ru/C.
KAu(CN)2 14 g L
-1
KH2PO4 10 g L
-1
K2HPO4 40 g L
-1
Pb2+ 1 mg L-1
pH 6.75
Temp. 65 oC
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Fig. 2.2.2 Comparison of current collectors on cell voltage and power of a 7.5 cm2
DMFC. Stainless steel (SUS) mesh and gold-plated stainless steel (SUS/Au) mesh were
tested. Condition for the experiment: 0.5 M methanol, ambient air, room temperature,
and Nafion 112. Anode loading 2.5 mg Pt cm-2 and cathode loading 2.5 mg Pt cm-2.
Fig. 2.2.3 shows the performance of the single cell (7.5 cm2) for various amounts of Pt
varying from 0.5 to 5 mg cm-2 in the Pt-Ru/C anode and Pt/C cathode. The DMFC was
operated at room temperature with 0.5 M methanol at anode and air at cathode. Given
that DMFC performance is largely limited by charge transfer kinetics, high catalyst
loadings should increase cell performance when operating in the kinetically controlled
region. Large increases throughout the whole range of current densities were observed
when the loading was increased from 0.5 to 2.5 mg cm-2. When the loading was further
increased, the performance started to decline. With increasing catalyst loading, the
thickness of the electrode increases, and for a given structure (decided by the type of
carbon and fabrication method), increasing electrode thickness results in a steeper
concentration gradient for methanol. The interplay between the larger number of
activation sites and the availability of adequate methanol results in the exhibition of a
maximum in the loading versus performance behavior. Based on these results, an
optimum of catalyst loading appears to be about 2.5 mg Pt cm-2 when Pt-Ru/C is used to
make the electrode.
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Fig. 2.2.3 Effect of platinum loading on performance. (a) Polarization curve, and (b)
power density curve in a 7.5 cm2 area DMFC; platinum loading was set to the same
value in the anode and cathode, current collector SUS/Au, 0.5 M methanol solution,
ambient air, room temperature, Nafion 112.
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2.3 Design and fabrication of a passive DMFC stack
2.3.1 Design and fabrication of a trial stack
A passive DMFC stack was designed Based on the performance obtained with the MEA
that used a catalyst loading of 2.5 mg Pt cm-2 in Fig. 2.2.3, shown again in Fig. 2.3.1.
First of all, the electrode area of a new one-Watt-class passive DMFC unit cell was
estimated. Cellular phones are usually operated at the terminal voltage of 3.7; the
current required for operation is calculated to be 270 mA.
Fig. 2.3.1 Power density of the MEA that used a catalyst loading of 2.5 mg Pt cm-2.
Methanol concentration was 0.5 M.
The maximum power density of the MEA that used a catalyst 2.5 mg Pt cm-2 was 3.03
mW cm-2 at 11 mA cm-2. In case that the best performance should not be obtained, the
performance used for calculation must be underestimated. Therefore, the electrode area
is calculated based on the performance at 7 mA cm-2, taking about 30 % of a margin into
account.
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When the current density was 7 mA cm-2, an electrode area of 38.6 cm2 is necessary for
the operation at 270 mA. In this case, the power density obtained was 2.56 mW cm-2, so
the power output of one cell was estimated to be 99 mW.
Design of each component for a prototype stack is shown in Fig. 2.3.2 and the cross-
sectional schematic view of a stack is shown in Fig. 2.3.3. The electrode area of one
MEA is 49 cm2 and one stack consists of two MEAs. Fig. 2.3.4 shows the photograph of
a passive DMFC stack unit. Each stack consists of two MEAs and the stack unit
consists of four stacks. Fig. 2.3.5 shows the performance of a typical cell of the stack.
Fig. 2.3.2 Design of each component for a prototype stack: (a) PMMA frame with 2 mm
thick, (b) MEA, and (c) Au-plated current collector.
70 mm
70 mm
100 mm
100 mm
70 mm
(a)
(b)
(c)
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Fig. 2.3.3 (a) Cross-sectional schematic view of a stack and (b) circuit diagram for the
stack. Fuel reservoir is put between the anode current collectors.
Fig. 2.3.4 Photograph of a passive DMFC stack.
Cathode CathodeAnode
(b)
(a)
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Fig. 2.3.5 Performance of a typical cell of the stack: (a) cell voltage and (b) power
density. The performance was measured three times with the same cell. Methanol
concentration was 0.5 M.
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From Fig. 2.3.5, it appeared that the performance of a cell got decreased with the
increase of electrode area per cell. Based on the power density shown in Fig. 2.3.5, the
maximum output of a typical cell was estimated to 44 mW, which was only the half of
estimated performance. This suggested that the increase of electrode area to draw
current enough for the operation of cellular phones caused the decrease of cell voltage,
which directly led the decrease of cell performance. Based on the results, the cell stack
is unable to operate cellular phones by itself.
The problem of this cell was suggested that the contact resistance between the current
collectors and the MEA was increased. This is partly because the thickness of PMMA
frame was not rigid enough to keep the compressive load applied to the MEA. If the
PMMA frame is thin, it will bow easily and the gaps between the current collectors and
the MEA will be made. In such a case, the effective contact area is decreased and the
current flown around the contact points is increased, which means an increase of the
ohmic overvoltage. So, one solution to decrease the contact resistance should be to
tighten the cell uniformly with the PMMA frame that has enough thickness and strength.
Therefore, the scale-up model is redesigned and fabricated in the next section according
to the suggestion obtained.
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2.3.2 Design and fabrication of a scale-up model of the prototype DMFC
(a) Optimization of the electrode area
In order to fabricate a passive DMFC stack for a cellular phone, scale-up models of the
prototype DMFC that had electrode area of 25, 36, and 49 cm2 were fabricated and
further tested. The cell configuration is shown in Fig. 2.3.6. Each MEA consists of both
electrodes containing 2.5 mg Pt cm-2 and prepared with Nafion 112 membrane.
Comparison of the cell performances is shown in Fig. 2.3.7.
Fig. 2.3.6 Cell configuration and photograph of a scale-up model of the prototype cell.
Design PMMA
frame
Current collector
Fuel reservoir
(Methanol)MEA
Air
Gasket
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Fig. 2.3.7 Comparison of the cell performances of passive DMFCs made of 25, 36, and
49-cm2 electrode. Methanol concentration was 0.5 M.
In these cells, PMMA frame of 5 mm thick was employed to hold the MEA and current
collectors in good contact. From Fig. 2.3.7, the performance of 36-cm2 cell was the best
among the three, therefore, the electrode area of 36 cm2 was chosen for further study.
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(b) Optimization of the current collector
In order to optimize the current collector for a scale-up model of the prototype cell,
variations of the diameter of holes of the current collector were tested as shown in Fig.
2.3.8. In this experiment, three diameters, 0.5, 1, and 2 mm were tested. All the current
collectors were fabricated with 0.5 mm thick Au-plated perforated stainless steel. The
open area for each current collector is listed in Table 2.3.1.
Table 2.3.1 Open area for each current collector.
From Fig. 2.3.8, the best performance among the three was obtained when the current
collector with 0.5 mm holes. Therefore, the diameter of holes of the current collector
was fixed to 0.5 mm for further study.
Based on the test shown in Fig. 2.3.7, the initial design was fixed to a scale-up of the
7.5-cm2 laboratory cell described earlier. The active area was increased to 36 cm2 and
the square opening at the cathode end plate was increased to 60 mm x 60 mm for easy
air access by the enlarged air cathode. The dimensions of the reservoir were: 60 mm x 8
mm x 60 mm (h). Approximately 28 mL of liquid methanol fuel were injected into the
fuel reservoir using a syringe. The cell was held together with four bolts as shown in Fig.
2.3.6. In the following part of this chapter, the cell is denoted as "Cell I" in the text.
Diameter / mm Area of open area / %
0.5 20
1 22
2 28
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Fig. 2.3.8 Performance of a passive 36 cm2 DMFC with the current collectors that have
holes with different diameter: (a) cell voltage and (b) power density.
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(c) Effect of the methanol concentration on performance
Fig. 2.3.9 shows the results of cell polarization at three methanol concentrations. Here
and below, the voltage-current measurements were started 30 min after the methanol
solution was poured into the cell. Each data point represents typical steady state
voltages that were taken after continuous operation for 3 min at the indicated current
density.
In terms of output current, the performance at all values of cell potential increased with
methanol concentration. As can be seen from Fig. 2.3.9(a), the polarization curves
exhibit kinetic and ohmic control, while the mass transport limitation is not apparent.
The open circuit potential of ca. 0.48 V did not significantly change with methanol
concentration indicating no methanol crossover effect up to 2 M methanol concentration.
The maximum power density as shown in Fig. 2.3.9(b) is 1.15 mW cm-2 at a voltage of
0.28 V with 0.5 M methanol, 1.9 mW cm-2 at 0.24 V with 1 M methanol, and 2.74 mW
cm-2 at 0.21 V with 2 M methanol concentration. This trend demonstrates that the
maximum power density more than doubles when the methanol concentration is
increased from 0.5 to 2 M.
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Fig. 2.3.9 Effect methanol concentration on performance of 36-cm2 area DMFC (Cell I).
(a) Polarization and (b) power density curves. Catalysts: carbon supported Pt-Ru anode
(2.5 mg Pt cm-2) and carbon supported Pt cathode (2.5 mg Pt cm-2), current collector
SUS/Au, air passive, room temperature, and Nafion 112. The data were calculated from
the results obtained in Fig. 2.4.2.
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(d) Demonstration of the performance of a 24-cell stack
In order to prove that the DMFC stack could be operated as one system, the
performance of a stack that consists of a certain number of the cell connected in series
was investigated. Fig. 2.3.10 shows performance of a stack that consists of Cell I 24-cell
connected in series, with 0.5 M methanol. The stack generated the maximum output of
0.974 W, 5.41 V at 180 mA. The output more than 0.9 W met the demand for operating
a cellular phone.
Fig. 2.3.10 Performance of a stack that consists of Cell I 24-cell connected in series.
Methanol concentration was 0.5 M.
In addition, time dependence of the voltage of the 24-cell stack at 180 mA, where the
maximum output was obtained, is shown in Fig. 2.3.11. The stack kept more than 60
min voltage over 3.7 V, the nominal terminal voltage of batteries for cellular phone.
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Fig. 2.3.11 Time dependence of the voltage of the 24-cell stack made of Cell I under
constant current operation at 180 mA. Methanol concentration was 0.5 M.
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2.4 Operation of a cellular phone with a passive DMFC system
As shown in Fig. 2.3.10, individual cells with 0.5 M methanol and 24-cell connected in
series satisfied the nominal voltage of cellular phones. Also, Fig. 2.3.9 shows the cell
with 2 M methanol can generate an output higher than that with 0.5 M methanol. Thus,
more than twenty individual cells would be required for the purpose of obtaining output
power between 1 and 2 W. So a stack consisting of twenty cells in series has been built
in a passive DMFC system. The active area of each cell is 36 cm2. The stack is provided
with oxygen from the surrounding air to the open cathode sides.
Fig. 2.4.1 shows the open circuit voltage (OCV) of each cell at the three methanol
concentrations considered. Uniform performance of individual cells can be seen; the
OCV of each cell is close to ca. 0.5 V.
Fig. 2.4.1 Open circuit voltage (OCV) of individual Cell I at three methanol
concentrations as indicated on the plot.
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The performance of the DMFC stack current polarization is displayed in Fig. 2.4.2. Cell
voltage versus current is displayed in Fig. 2.4.2(a) whereas Fig. 2.4.2(b) shows the
dependence of power on current. In terms of output current, the performance of the
DMFC stack at all values of cell potential increased with methanol concentration.
Furthermore, the results of Fig. 2.4.2 demonstrates that the performance achieved from
the twenty-cell stack under conditions which are relevant to portable application, in
terms of voltage-current and power-current characteristics. The maximum power output
generated by the stack under these conditions was, 803 mW at 5.57 V, 1,368 mW at 4.75
V, and 1,975 mW at 4.22 V, with 0.5 M, 1 M, and 2 M methanol concentration,
respectively. The output power of the stack tested here is higher than 1 W for methanol
concentration exceeding 0.5 M. Since about 1 W and 3.7-3.8 V are requested to operate
a cellular phone, it is possible to operate a cellular phone with this stack.
Owing to the deleterious effect of methanol crossover, dilute methanol solutions (i.e. 1
M) were typically used in DMFC. However, under these conditions there will be likely
insufficient fuel to create power. Thus it would be desirable to operate with a methanol
concentration just above the minimum necessary to provide methanol to the anode.
Meyers and Maynard [12] propose an optimal operating concentration of about 2 M
methanol.
The DMFC stack fed with 2 M methanol concentration was connected in series to a
cellular phone (NTT DoCoMo D209i) via a DC-to-DC converter. The DC-to-DC
converter takes power from the stack and delivers it at constant specified voltage to all
system components. The voltage was fixed to 3.7 V after DC-to-DC conversion and the
cellular phone was operated for 5 min. Fig. 2.4.3 shows the current level after dc
conversion when placing or receiving a phone call. The power required in both cases
was calculated from the delivered current after DC conversion. The maximum power
consumption for talk mode was of 1.2 W while 1.8 W is required when receiving a call.
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Fig. 2.4.2 Performance of the twenty-cell DMFC stack versus methanol concentration
up to 2 M. (a) Polarization, and (b) power curves. Air passive and room temperature
operation. The catalyst loading was 2.5 mg Pt cm-2 for both anode and cathode.
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Fig. 2.4.3 The current level after dc conversion when (a) placing or (b) receiving a
phone call using the twenty-cell DMFC stack. The operated cell phone was an NTT
DoCoMo D209i. Operating conditions: 2 M methanol concentration, air passive, and
room temperature. The power consumption calculated from the delivered current after
DC conversion was 1.2 W and 1.8 W for making a call and receiving a call, respectively.
Data sampling rate was 1 point sec-1.
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As shown in Fig. 2.4.3, an output necessary for operating a cellular phone was more
than 1.8 W. The methanol concentrations of 0.5 M and 1 M were also tested, however,
the output for placing or receiving a call was not provided with the stack with both
concentrations, although the stack with the two concentrations was able to operate the
phone in the stand-by mode. The results suggested that the stack with 0.5 or 1 M
methanol was unable to provide methanol to the anode enough to generate current
required for talking. Therefore, the methanol concentration should be thick enough to
provide required current by the oxidation, for the operation of portable electronic
devices.
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2.5 Conclusions
The passive direct methanol fuel cell intended for room temperature operation was
designed and constructed and its performances were tested. It is necessary to design
cells that have appropriate electrode area in order to obtain current and voltage required
for operation of electronic devices by the power supplied from passive DMFC system.
Therefore, variation of cell performances with electrode area was studied in this chapter.
The study showed cell performance decreased with the increase of electrode area. The
decrease of the cell performance was caused by the difference of cell configuration
because the material used and the condition of the experiment were the same. This is
attributed to the possibility that the increase of the electrode area increases the contact
resistance between the membrane electrode assembly (MEA) and current collectors. So,
the study suggests that it is necessary to keep good contact between the MEA and
current collectors.
To confirm the possibility of passive DMFC as a power source for portable electronic
devices, operation of a cellular phone with a passive DMFC system that consisted of
unit cells connected in series was carried out. The passive DMFCs were able to operate
a cellular phone via DC-to-DC converter. The most important achievement
demonstrated in this confirmation was that the cellular phone was operated by the
power supplied only with the passive DMFC system. This trial system required 20 cells
for the operation of a cellular phone to meet the demands for peak current and voltage.
This study revealed that the improvement on cell performance and the reduction of the
peak load applied to DMFCs, for example, by the use of auxiliary power supply such as
capacitors or rechargeable battery to make the most of the portability of passive
DMFCs.
The further study will be aimed to improve the performance of this DMFC system and
to establish the assembling technique for practical applications. Some of the remaining
challenges include system integration, tight packaging, and manufacturing costs.
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Chapter 3
Development of Electrolyte Membrane for DMFCs
Chapter 2 described the design and fabrication of passive DMFC system, which
revealed that the improvement of cell performance was strongly demanded. The next
steps for the improvement of cell performance should be on electrolyte membranes and
also cell configurations. In this chapter, electrolyte membranes, which have an
important role in membrane electrode assemblies, were investigated. The approaches
were: (1) to decrease methanol permeability of membranes that have high ionic
conductivity, and (2) to increase ionic conductivity of membranes that have low
methanol permeability.
The following subsection describes,
(1) Preparation of polyaniline/Nafion composite membrane
(2) Preparation of polypyrrole/engineering polymer composite membrane
for the purpose of creating new electrolyte membranes for DMFCs. In addition to the
preparation of the membrane, section 3.1 will describe whether the ionic conductivity or
the methanol permeability affects the cell performance more significantly.
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3.1 Polyaniline/Nafion composite membrane
3.1.1 Introduction
In order to realize an electrolyte membrane for direct methanol fuel cell (DMFC) having
low methanol permeability, suppression of methanol permeability of Nafion by
introducing polyaniline (PAn) was attempted. While the membrane obtained by the
electropolymerization of aniline at Nafion-coated Pt electrode has bi-layered
morphology, lower ionic conductivity and lower methanol permeability compared with
Nafion, PAn was introduced in Nafion membrane by the chemical oxidative
polymerization of aniline in Nafion. The PAn introduced Nafion showed superior
characteristics to Nafion from the viewpoint of conductivity and methanol permeability.
DMFC system has some advantages compared with polymer electrolyte membrane fuel
cell (PEMFC) system using hydrocarbon as the fuel: smaller size without reformer, easy
handling of liquid fuel compared with H2 gas used for PEMFC, and so forth [1].
However, DMFC holds the problems such as large polarization potential at the anode,
methanol crossover. As an application to a DMFC electrolyte, the fluoride copolymer
electrolytes that have acidic groups are proposed. With these polymer electrolytes,
methanol permeation across the electrolyte membrane from the anode towards cathode
promotes the potential shift further at the cathode by the mixed potential of methanol
oxidation and O2 reduction. As for the electrolyte membrane of DMFC system, Nafion
is widely investigated because of its high cation transport number and chemical stability.
In the Nafion membrane, proton transfers through the ionic clusters. The model of ionic
clusters is considered to form a narrow path for cations as proposed with channel
structure [2]. In the channel, H2O was surrounded by SO3
- group of Nafion molecule. In
order to maintain the high proton conductivity to Nafion, enough amount of H2O is
required to be incorporated in the channel. However, the methanol permeability is
known to increase in the increase of H2O content.
There are some reports [3-5] to suppress the methanol permeability, i.e., methanol
crossover amount, by the controlling channel structure of Nafion. Tricoli et al. reported
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that the methanol permeability was reduced by the doping of Cs+ cation into the channel
of Nafion [3]. Hobson et al. revealed that the methanol crossover amount was reduced
by the irradiation of electron beam due to the shrinkage of ion cluster size [4]. Hirakawa
et al. reported that with filling the channel with polypyrrole methanol permeability was
suppressed [5]. These results suggest that by shrinking the channel or introducing huge
ions or molecules, the free volume of channel filled with H2O is regulated and methanol
permeability is suppressed.
In this subsection, composite films of Nafion and polyaniline were prepared by
polymerization of aniline with Nafion membrane, and characterized. Electrochemical
polymerization and chemical polymerization of aniline were performed. Other systems
of composite membranes were reported in some literatures, such as,
electropolymerization method for PPy/Nafion [6,7], and the chemical oxidative
polymerization for PPy/Nafion composite membrane [5].
3.1.2 Experimental
Nafion 112 and 117 were cut into a square of 20 mm x 20 mm, immersed into 3 vol. %
H2O2 for 1 hour with boiling. The obtained color-less Nafion was immersed into 1 M
H2SO4 under 80 
oC for 3 hours, and then immersed in boiling pure water for 1 hour.
Aniline was electropolymerized from the solution of 0.5 M H2SO4 and 0.44 M aniline
aqueous solution. The Pt substrate attached with Nafion 112 was hot-pressed, and used
as the electrode for electropolymerization of aniline. Electrochemical cell was
configured as shown in Fig. 3.1.1(a) for the electropolymerizaion of aniline with
Nafion-coated Pt electrode. Anodic constant current of 0.5 mA cm-2 was applied for 2
hours to the Nafion-coated electrode with a Pt auxiliary electrode by a potentiostat
(Hokuto Denko HA-501G). After the electropolymerization, the resulting film was
rinsed in pure water.
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Fig. 3.1.1 (a) Schematic views of polymerization cells: (a) Electropolymerization cell of
aniline on Nafion coated Pt. The electrode has a contact with polymerization solution at
the opening of the cell with 0.785 cm2. (b) Chemical oxidative polymerization cell of
aniline in Nafion matrix. Nafion was sandwiched by two separated solutions at the cell
opening with 0.785 cm2.
Chemical oxidative polymerization of aniline was performed with the cell configuration
shown in Fig. 3.1.1(b). Nafion film was placed between two solutions. One
compartment was filled with an aqueous solution of 0.25 M FeSO4, 0.44 M aniline, and
0.5 M H2SO4. In the other compartment, 5 vol. % H2O2 aqueous solution was poured
and left for 3 hours with stirring both solution.
The film morphology was observed optically and scanning electron microscope (SEM)
with 25 kV accelerating voltage.
NafionNafionPt plate CE
(a) (b)
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The ionic conductivity was measured with two-electrode cell using two gold plates as
the electrodes by electrochemical impedance measurement (Fig. 3.1.2). Membranes to
be measured were immersed into 1 M H2SO4 prior to the measurement. The ac potential
signal (10 mV0-p) was applied to the electrodes with a potentiostat (Hokuto Denko HA-
501G) and a frequency response analyzer (NF Electronic Instruments S-5720C
Frequency Response Analyzer). The average value of the real part of impedance
responses obtained with 20 kHz for three samples was used for the calculation of ionic
conductivity with the value of film thickness measured for each sample. There appeared
a semi-circle in Nyquist plots of impedance spectra with varying the applied frequency,
and the semicircle was attributed to the impedance at the interface between the electrode
and electrolyte by the change in spectra with the change in the applied dc bias of
voltage.
Fig. 3.1.2 Two-electrode cell for electrochemical impedance measurement.
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The methanol permeability was calculated from the flux of methanol across the film,
which was placed between two solutions of pure water and 4.9 M methanol solution.
The methanol concentration of the solution, which was pure water at the beginning, was
measured by GC (HP 5890 Series II Gas Chromatography) with TC-WAX column, and
the permeability was calculated according to the method in the literature [3].
3.1.3 Results and discussion
(a) Preparation of PAn/Nafion composite membrane by electropolymerization
In order to prepare the composite films of polyaniline (PAn) and Nafion,
electropolymerization of aniline at the Nafion-coated Pt electrode was attempted. With
the immersion of Nafion coated electrode into the aqueous solution containing aniline,
aniline monomer will penetrate into Nafion matrix. With the application of anodic
current to the Pt substrate, aniline will be oxidized and PAn will be formed. The cross-
sectional SEM image of the resultant film pealed off from Pt substrate was shown in Fig.
3.1.3.
PAn was found to be generated under the Nafion layer, while from the SEM image it is
not clear that PAn was formed inside the Nafion. The membrane thickness of Nafion
increased from 55 mm to 75 mm by the electropolymerization of aniline. The ionic
conductivity and the methanol permeability were measured for the resultant bi-layered
composite film of PAn and Nafion, as summarized in Table 3.1.1 with the weight
increase. From the results, it is clear that both of the ionic conductivity and permeability
of PAn/Nafion composite membrane decreased to the values of about one seventh of the
values of Nafion. Considering these facts, PAn seemed to be formed between the Pt
substrate and coated Nafion, and it can be concluded that the composite film of PAn and
Nafion prepared by electropolymerization of aniline on Nafion coated Pt electrode was
not considered to be a good candidate for the polymer electrolyte to be used in DMFC
system.
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Fig. 3.1.3 Cross sectional SEM image of composite films of Nafion and PAn prepared
by electropolymerization of aniline at Nafion coated Pt. Since film was observed in the
inclined stage, the membrane thickness of appearance is not in accord with actual
thickness.
Table 3.1.1 Ionic conductivity and methanol permeability of Nafion and PAn/Nafion
and increase of membrane weight by PAn introduction to Nafion by
electropolymerization.
Nafion
Pt electrode
Surface
30 mm
PAn
Membrane Ionic conductivity Methanol permeability Increase of membrane weight
[S cm-1] [cm2 s-1] [mg cm-2]
Nafion 112 2.2 x 10-2 2.4 x 10-6
PAn/Nafion 112 3.2 x 10-3 3.5 x 10-7 1.2
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(b) Preparation of PAn/Nafion composite membrane by chemical oxidation
Another method to prepare the composite membrane of Nafion117 and PAn was
attempted with the chemical oxidative polymerization of aniline in Nafion matrix.
Aniline monomer, Fe2+ cation and H2O2 penetrated into Nafion matrix in the cell
configuration shown in Fig. 3.1.1(b). With the catalytic reaction by Fe2+, aniline was
oxidized forming PAn [8]. The obtained film by the chemical oxidation of aniline in
Nafion membrane showed a slight increase in the film thickness from about 200 mm to
220 mm, while the film weight increased by this treatment as listed in Table 3.1.2.
The outlook and cross-sectional SEM image of the resulting membrane by the chemical
oxidation process were shown in Fig. 3.1.4. From the photograph, the color change
form no-color into dark-green at the part of Nafion where two solutions were faced with
the separation by Nafion clearly demonstrated that with this procedure PAn was formed.
The cross-sectional SEM image revealed that the composite membrane of Nafion and
PAn has smooth surface morphology. From these results, it is clear that the chemical
oxidation process has an advantage that aniline was polymerized inside the Nafion
matrix over the electrochemical oxidation of aniline with Nafion coated electrode. This
can be explained as follows. By the electropolymerization aniline was oxidized to form
PAn at the interface of Nafion and Pt substrate or at the interface between Nafion and
generated PAn. With this process, PAn tends to grow between the Pt and Nafion layers.
By the chemical oxidative polymerization of aniline, PAn is generated at the space with
the existence of aniline, Fe2+, and H2O2. With this homogeneous reaction inside the
ionic channel of Nafion, PAn was considered to be formed inside Nafion membrane.
From these consideration the chemical oxidative polymerization of aniline is suggested
to be a suitable process to prepare the composite membrane of Nafion and PAn.
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Table 3.1.2 Ionic conductivity and methanol permeability of Nafion and PAn/Nafion
and increase of membrane weight by PAn introduction to Nafion by chemical oxidative
polymerization.
Fig. 3.1.4 Morphology of composite film prepared by chemical oxidative
polymerization of aniline in Nafion: (a) Optical photograph of the film. (b) Cross
sectional SEM image of the film.
In order to examine the potential of the composite film of PAn and Nafion to be applied
to the electrolyte of DMFC system, ionic conductivity and methanol permeability across
the membrane were measured, as the values listed in Table 3.1.2. Both of ionic
conductivity and methanol permeability were decreased by the PAn incorporation into
Nafion. The conductivity decreased with 46 % of the value of Nafion, while the
methanol permeability decreased with 52 % of the value of Nafion. From the results, the
composite membrane of PAn and Nafion is assessed to be superior to Nafion film as the
DMFC electrolyte.
Membrane Ionic conductivity Methanol permeability Increase of membrane weight
[S cm-1] [cm2 s-1] [mg cm-2]
Nafion 117 5.2 x 10-2 2.7 x 10-6
PAn/Nafion 117 2.8 x 10-2 1.3 x 10-6 2.5
Surface
Cross section
50 mm
(a) (b)
1 cm
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(c) Analysis of PAn/Nafion composite membrane prepared by chemical oxidation
In the previous parts (a) and (b), the methods for introduction of PAn into Nafion were
investigated. The results indicated that the chemical oxidation was effective in the
preparation of PAn/Nafion composite membrane. Now that the process for the
composition was fixed, the PAn/Nafion composite membrane prepared by chemical
oxidation was analyzed in detail. The main purpose of this analysis was to confirm that
at least some of the cluster of Nafion membrane was filled with PAn.
To confirm a state of the cluster, X-ray diffraction patterns of Nafion and the composite
membrane were measured with RINT-TTR (Rigaku). The source of X-ray was Cu Ka1,
a voltage and a current applied were 50 kV and 200 mA, respectively. The composite
membrane used was PAn/Nafion 117 prepared in the same manner as prepared in the
part (c). XRD charts of Nafion 117, PAn/Nafion 117 and poly(tetrafluoroethylene)
(PTFE) are shown in Figs. 3.1.5-7.
Fig. 3.1.5 XRD chart of Nafion 117.
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Fig. 3.1.6 XRD chart of PAn/Nafion 117.
Fig. 3.1.7 XRD chart of PTFE.
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From Figs. 3.1.5-7, the XRD charts of Nafion 117 and PAn/Nafion 117 show almost the
same peaks, broad peaks around 18o and 40o, however, the chart of PTFE shows sharp
peaks at 18o, 38o, and 40o. Therefore, the broad peaks are attributed to the peaks related
PTFE backbone. This is consistent with the literature [9].
However, the difference could be distinguished from the region of small angle part. Figs.
3.1.8-10 shows small angle XRD charts of Nafion 117, PAn/Nafion 117 and
poly(tetrafluoroethylene) (PTFE).
Fig. 3.1.8 Small angle XRD chart of Nafion 117.
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Fig. 3.1.9 Small angle XRD chart of PAn/Nafion 117.
Fig. 3.1.10 Small angle XRD chart of PTFE.
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In Fig. 3.1.8, there is a peak at 2.32o, which is not found in Figs. 3.1.9, 10. The d-value
of the peak is 3.8 nm, which is almost equivalent to the reported diameter of clusters of
Nafion, 4-5 nm [2]. Taken into consideration that the room temperature, 20 oC, and
humidity, 20 %, in the room where the RINT-TTR is placed, the Nafion membrane
measured contained water in the clusters. Therefore, Fig. 3.1.8 suggested that the
clusters of Nafion were detected in Fig. 3.1.8. On the other hand, Fig.3.1.9 suggested
that the clusters were not found in PAn/Nafion composite membrane because no peak
was observed at the same angle. It appears that the clusters on the surface of Nafion 117
were filled with PAn.
(d) Performance of a passive DMFC with PAn/Nafion composite membrane
The performance of a passive DMFC with PAn/Nafion composite membrane was
evaluated. In this experiment, a PAn/Nafion 115 composite membrane was prepared
according to the procedure described in part (b). Properties of the PAn/Nafion
composite membrane and Nafion 115 as a reference are described in Table 3.1.3.
Table 3.1.3 Properties for PAn/Nafion 115.
MEAs were prepared with the PAn/Nafion 115 and Nafion 115. The catalyst loading for
the MEAs are listed in Table 3.1.4.
Table 3.1.4 Platinum loading of carbon supported catalyst.
Methanol permeability Ionic conductivity
[cm2 s-1] [S cm-1]
Nafion 115 2.08 x 10-6 (100 %) 4.07 x 10-2 (100 %)
PAn/Nafion 115 1.34 x 10-6 (64 %) 2.71 x 10-2 (67 %)
Pt in cathode Pt* in anode
[mg cm-2] [mg cm-2]
Nafion 115 2.37 2.33
PAn/Nafion 115 2.42 2.59
*Platinum ruthenium supported on carbon was used.
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Fig. 3.1.11 shows the cell configuration of the passive DMFC cell in this experiment.
Fig. 3.1.11 Schematic cross-sectional view of a passive DMFC. Volume of the fuel
reservoir is about 20 mL and the area of electrode is 0.785 cm2.
Figs. 3.1.12-13 shows the cell voltage and power density of the MEAs made with
PAn/Nafion 115 composite membrane and Nafion 115. The data for a passive DMFC
test cell of H-TEC is also shown in the figures for reference.
The PAn/Nafion 115 composite membrane shows the open circuit voltage higher than
Nafion 115. This is probably because methanol permeated to the cathode was decreased
by the introduction of PAn into Nafion 115. However, the maximum power density of
the composite membrane was decreased compared to that of Nafion 115. To analyze
why the MEA with PAn/Nafion 115 showed performance inferior to that of Nafion 115,
cell resistance was calculated from the slope of the linear region of Fig. 3.1.12. Also,
membrane resistance was calculated from the ionic conductivity listed in Table 3.1.3.
Comparison of the resistances is shown in Table 3.1.5.
72
Fig. 3.1.12 Cell voltage of the MEAs made with PAn/Nafion 115, Nafion 115, and a
passive DMFC test cell of H-TEC.
Fig. 3.1.13 Power density of the MEAs made with PAn/Nafion 115, Nafion 115, and a
passive DMFC test cell of H-TEC.
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Table 3.1.5 Comparison of the resistance of PAn/Nafion 115 and Nafion 115.
The increase of membrane resistance was much smaller than that of cell resistance,
which suggest that interfacial resistance between the electrolyte membrane and
electrodes in Nafion 115 increased by the introduction of PAn. It can be concluded that
the overall cell resistance including the interfacial resistance had a significant effect on
the total cell performance. So the experiment reveals that the ionic conductivity of the
interface between the electrolyte membrane and electrodes is more important than the
methanol permeability.
A similar experiment was performed by Na et al. [11]. They investigated also on the
performance of PAn/Nafion 115, resulting in that the cell performance with PAn/Nafion
115 was not superior to that with Nafion 115.
 
Cell Membrane
[W cm2] [W cm2]
Nafion 115 7.97 0.312
PAn/Nafion 115 16.2 0.469
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3.1.4 Conclusions
A new electrolyte membrane for DMFCs was developed from material aspects by
chemical process. Polyaniline was introduced into Nafion membrane to examine the
methanol crossover of the membrane. With the electropolymerization of aniline at
Nafion coated electrode PAn was formed under Nafion, and the resultant bi-layered film
was found to have low ionic conductivity and low methanol permeability compared to
Nafion. By the chemical oxidative polymerization of aniline in Nafion matrix,
composite membrane of Nafion and PAn was formed. The proof of the composition of
PAn inside Nafion was the smooth surface of the PAn/Nafion membrane and the XRD
chart showing that the clusters of Nafion were filled with PAn.
The composite membrane had a methanol permeability lower than Nafion, while that
had an ionic conductivity less than Nafion. To investigate whether the ionic conductivity
or the methanol permeability affects more to the cell performance, the cell performances
of the MEA made with PAn/Nafion 115 and that of Nafion 115 were compared. Then
the MEA made with PAn/Nafion 115 showed performance inferior to that with Nafion
115. The results suggested that the interfacial resistance between the electrolyte
membrane and electrode was increased by the introduction of PAn into Nafion. It was
found that development of the electrolyte membrane and also control of the interfacial
properties between the electrolyte membrane and electrode were required. It can be
concluded that the ionic conductivity of the interface between the electrolyte membrane
and electrodes is more important than the methanol permeability.
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3.2 Polypyrrole/Engineering plastic composite membrane
3.2.1 Introduction
In order to realize an electrolyte membrane for direct methanol fuel cell (DMFC) having
low methanol permeability, addition of ionic conductivity by the introduction of
polypyrrole into engineering polymers was attempted. By the chemical oxidation of
pyrrole monomer inside the polymer matrix, the composite films of polypyrrole (PPy)
and engineering plastics were prepared. By the PPy introduction to poly(ethylene
terephthalate) (PET) the ionic conductivity across the film increased. Methanol
permeability was also examined to assess the performance of the film as the DMFC
electrolyte.
DMFC system attracts many researchers and is widely investigated due to its merits, i.e.,
smaller size without reformer compared with polymer electrolyte membrane fuel cell
(PEMFC) system using hydrocarbon as the fuel, easy handling of liquid fuel compared
with H2 gas used for PEMFC, and so on [1]. However there are some issues to be solved
for DMFC, such as large polarization potential at the anode, methanol crossover, and so
on. In these days polymer electrolytes of fluoropolymer having acidic group are
proposed to be applied as the DMFC electrolyte. With these polymer electrolytes,
methanol easily permeates across the electrolyte film from the anode towards cathode,
and leads the potential shift at the cathode caused by the mixed potential of methanol
oxidation and O2 reduction, and the loss of fuel efficiency. In this situation, a new
polymer electrolyte having superior characteristics than that of the polymer electrolyte
is demanded. The characteristics requested for the electrolyte film of DMFC are as
follows: high ionic conductivity, low methanol permeability, chemical stability,
mechanical strength against the pressure during the operation, and so on.
In this subsection, addition of ionic conductivity to conventional polymer films, i.e.,
engineering plastics, was attempted. Many engineering plastics have characteristics of
strong mechanical strength, high chemical stability against both for the chemicals and
under the relatively high temperature, while they are considered as insulators. In order
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to provide proton conductivity, other polymer having ionic conductivity was considered
to be implanted in the matrix of engineering plastics.
There are two models proposed for the proton conduction in water phase [11]. One is
Vehicle model and the other is Grotthuss model. According to the Vehicle model,
oxonium ion (H3O
+) transports in water phase. The Grotthuss model explains that
proton transfers with hopping from H2O to another H2O. It would be a possibility of
proton conduction with hopping from H2O to lone pare on N atom and lone pare of N
atom to H2O when N atom exists near the water phase. With this assumption,
polypyrrole was selected to embed into the engineering plastic films in this work.
Preparation of composite membranes of insulating polymers and polypyrrole has been
reported [12-16]. Polypyrrole grown in elastmers were prepared for enhancing the
electrochemical properties or mechanical strength of electroactive polypyrrole, or for
the preparation of electric conducting flexible sheets. In this work, composite films of
polypyrrole and engineering plastics were prepared with aiming a new ionic conducting
electrolyte membrane for DMFC.
3.2.2 Experimental
Polymer films of Polypropylene (PP), poly(ethylene terephthalate) (PET),
poly(phenylene sulfide) (PPS), ethylene-tetrafluoroethylene (ETFE), and polyimide (PI)
with the thickness of 25 mm was used as the host polymer matrix for this work. The
introduction of polypyrrole (PPy) was performed as follows. The polymer films were
immersed in liquid pyrrole for 1 day to allow the pyrrole monomer to penetrate into the
polymer matrix. The films were then transferred into an aqueous solution containing 1
M FeCl3. The resultant polymer films with introduction of PPy were rinsed with
distilled water.
The film morphology was observed by scanning electron microscope (SEM) with
accelerating voltage of 25 kV.
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Fig. 3.2.1 Scheme for polymerization of pyrrole.
The ionic conductivity was measured with two-electrode cell using two gold plates as
the electrodes by ac impedance measurement. The ac potential signal was applied to the
electrodes with a potentiostat (Hokuto Denko HA-501G) and a frequency response
analyzer (NF Electronic Instruments S-5720C Frequency Response Analyzer). The real
part of impedance response obtained with 20 kHz was used for the calculation of ionic
conductivity with the value of film thickness measured for each sample. There appeared
a semi-circle in Nyquist plots of impedance spectra with varying the applied frequency,
and the semicircle was attributed to the impedance at the interface between the electrode
and electrolyte by the change in spectra with the change in the applied dc bias of voltage.
The methanol permeability was calculated from the flux of methanol across the film,
which was placed between two solutions of pure water and 4.9 M methanol solution.
The methanol concentration of the solution, which was pure water at the beginning, was
measured by GC (HP 5890 Series II Gas Chromatography) with TC-WAX column, and
the permeability was calculated according to the literature [3].
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3.2.3 Results and discussion
The introduction of polypyrrole into the polymer matrices was attempted by the
chemical polymerization of pyrrole monomer inside the polymer films. With the
immersion of pyrrole monomer into the matrices of polymer films of PP, PET, PPS,
ETFE, and PI was carried out by the immersion of polymer films into the pyrrole
solution. After the immersion, the films are left in the FeCl3 solution for 1 day. After this
treatment, the resultant films changed their color from colorless in black. From the fact
that pyrrole monomer does not have color while polypyrrole (PPy) is black, it is
suggested that the pyrrole was polymerized with this treatment. The cross-sectional
SEM observation of the films shown in Fig. 3.2.2 revealed that outside of the polymer
matrix deposit appeared. The increase of the film weight varied by the films was
summarized in Table 3.2.1.
Fig. 3.2.2 Cross-sectional SEM images of film: (a) PET film before introducing PPy. (b)
PPy/PET composite film.
(a)
30 mm
(b)
30 mm
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Table 3.2.1 Ionic conductivity and increase of film weight for composite films.
From these results, it is confirmed that during the immersion of polymer films in pyrrole
the pyrrole monomer permeate into the polymer matrices, and in the FeCl3 solution the
pyrrole monomer was oxidized with forming polypyrrole. The weight variation seems to
be influenced by the amount variation of pyrrole enclosed in the polymer matrices. The
conductivity of ion across the films was also listed in Table 3.2.1. With this treatment of
PPy introduction in polymer films, the deviation of conductivity and that of film weight
were found to be high, i.e., the reproducibility was low. This is considered to be due to
that the amount of introduced PPy in the polymer film is strongly influenced by the
speed of polymerization and the flux of pyrrole monomer expelled from the polymer
matrix. Before the introduction of polypyrrole each film showed the conductivity of
around 1-3 x 10-6 S cm-1, while after the treatment of pyrrole polymerization the
conductivity increased for all the films. The increase of the ionic conductivity suggests
that not only outside of the polymer films but also inside the polymer matrix PPy was
formed. The composite film of PET and PPy was revealed to have the highest ionic
conductivity in the composite films prepared in this work. The conductivity increased
by the introduction of PPy into PET from 2.0 x 10-6 S cm-1 to 6.5 x 10-5 S cm-1. From
these results, the composite film of PET and PPy was investigated to check its potential
as the electrolyte film for DMFC.
Host polymer Ionic conductivity Ionic conductivity
(Before introducing PPy) (After introducing PPy)
[mg cm-2] [S cm-1] [S cm-1]
PP 1.5 3.1 x 10-6 1.5 x 10-5
PET 1.2 2.0 x 10-6 6.5 x 10-5
PPS 0.3 2.4 x 10-6 8.5 x 10-6
ETFE 0.05 2.8 x 10-6 6.4 x 10-6
PI 0.1 1.8 x 10-6 4.4 x 10-5
Increase of film weight
by PPy introduction
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In order to enhance the increase of conductivity, consecutive treatment of PPy
introduction after the PPy introduction was attempted. After the first introduction of PPy
in PET matrix, because pyrrole monomer is considered to have affinity to PPy
compared to PET, there seems to be a possibility of the composite matrix to involve
more pyrrole monomer. The film thickness, the increase of film weight, the resistance of
the film and the ionic conductivity of the film after introducing PPy into PET were
summarized in Table 3.2.2 for the sample with two times of PPy introducing treatment.
Table 3.2.2 Change in film thickness, increase of film weight, resistance of film and
ionic conductivity of PET by introduction of PPy. PPy was introduced once or two
times.
The film thickness increased for each step of introduction. These values of thickness
include PPy layer formed outside PET matrix. In this time, the ionic conductivity
showed smaller value than that shown in Table 3.2.1. With this treatment of PPy
introduction in polymer films, the deviation of polymerized PPy amount was high as
described above. With the first treatment, all the values of thickness, weight,
conductivity of the film increased. With the second treatment successively after the first
treatment, all the values showed the subsequent increase. From the results, it was
revealed that the amount of embedded PPy and ionic conductivity of the film were
increased by the consecutive PPy introduction treatment.
The methanol anti-permeability across the electrolyte film is one of the issues to be
solved for the electrolyte of DMFC. The permeability of methanol for the composite
film was studied with the PET film and the composite film of PET and PPy, as
summarized in Table 3.2.3 with the values of ionic conductivity of those films. Also the
values of Nafion reported previously [17] were listed in the same table.
Times of PPy Thickness Increase of film weight Resistance of film Ionic conductivity
introduction treatment [mm] [mg cm-2] [W cm2] [S cm-1]
0 25 0 1.8 x 103 1.8 x 10-6
1 130 1.5 80 3.8 x 10-5
2 330 10 18 6.3 x 10-4
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Table 3.2.3 Ionic conductivity and methanol permeability of PET, PPy/PET and Nafion.
PPy was introduced once or two times.
With the first introduction of PPy into PET, the permeability of methanol increased with
the increase of ionic conductivity. This fact can be explained as follows. When the first
PPy introducing treatment was performed, PET film was immersed in liquid pyrrole.
After that the polymer molecule was formed across the PET film during the oxidation
process with FeCl3 solution. With this process, some defects that form less dense region
in the matrix can be made in the PET matrix. This is because some molecules including
FeCl3 and/or pyrrole monomer, which were penetrated in the PET matrix, can be
dissolved from the composite film into liquid pyrrole. Then PPy phase without PET
could be formed during the growth of PPy polymer in such region. It is considered that
into the defects and/or in the PPy phase methanol penetrates and the permeability of
methanol increases. The composite film prepared with two times of PPy introduction
treatment showed higher ionic conductivity and lower methanol permeability than that
of the composite film prepared with treatment once. As discussed with Table 3.2.2, the
enhancement of ionic conductivity by the second treatment is considered to be due to
the increase of embedded amount of PPy. The methanol permeability increased by the
first treatment of PPy introduction, while with the second treatment the permeability
decreased. It is worth remarking that with the two times of PPy introduction treatment
the methanol permeability reached to very low value while the ionic conductivity
showed significant enhancement. The decrease of methanol permeability by the second
PPy introduction might be explained as follows. During the immersion of PET film into
FeCl3 solution after the immersion into liquid pyrrole, pyrrole monomer was oxidized
and polymerized inside the PET matrix with the outgoing flux of pyrrole from the
Membrane Ionic conductivity Methanol permeability
[S cm-1] [cm2 s-1]
PET 7.5 x 10-7 7.3 x 10-10
PPy/PET (once) 1.8 x 10-5 1.0 x 10-8
PPy/PET (two times) 1.3 x 10-4 1.3 x 10-9
Nafion 1.0 x 10-1 2.5 x 10-6
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matrix. Considering this reaction, at the first PPy introduction, defects are made by the
immersion of PET film in liquid pyrrole and/or in the PET matrix path of methanol
across the film was made with the growth of PPy polymer molecule. The volume of PPy
formed in PET matrix is smaller than that of pyrrole molecule enclosed in PET film
before the immersion of the film into FeCl3 solution. This leads the existence of free
volume inside PET matrix. With the second treatment of PPy introduction, pyrrole
monomer penetrates into the free space formed by the first treatment, and the space is
filled by PPy molecule during the second oxidation process.
The results listed in Table 3.2.3 were plotted in Fig. 3.2.3, with the x-axis of the
methanol permeability and y-axis of the ionic conductivity. Considering the
performance of electrolyte film of DMFC system, higher ionic conductivity and lower
methanol permeability are requested. In this figure, the plots aligned with on a line with
the inclination of 
† 
-1 can be assigned as showing the same performance of the couple of
ionic conductivity and methanol permeability. The solid line drawn over the plot of
Nafion is the boundary that divides the areas of superior performance and inferior
performance compared with Nafion. In the area of right-upper hand of the line the
electrolyte film of DMFC is considered to be prepared with higher conductance and
lower methanol crossover amount by regulating the film thickness [17]. The plots of
PET film and composite film prepared with one time of PPy introduction locate in left-
lower part of the figure divided by the line. The composite film with two times of PPy
introduction treatment locates right-upper part, as is considered to have a possibility to
prepare the electrolyte film having higher ionic conductance and/or lower methanol
transferring across the film compared to Nafion with selecting the film thickness.
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Fig. 3.2.3 Ionic conductivity against methanol permeability: PPy/PET films were
prepared by the introduction of PPy once or two times. Solid line with the inclination of
† 
-1 over the plot of Nafion is illustrated. The plot in the upper-right region means
performance superior to Nafion.
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3.2.4 Conclusions
To add the ionic conductivity to engineering polymers, PPy was introduced into PP,
PET, PPS, ETFE, and PI films by the chemical oxidation of pyrrole involved in the
polymer films by FeCl3. The PPy introduction led the increase of ionic conductivity
across the film. The ionic conductivity of the composite film of PPy and PET reached to
1.3 x 10-4 S cm-1 with the methanol permeability of 1.3 x 10-9 cm2 s-1. The results
indicated that PPy/PET composite film could be a new ion-conducting membrane for
DMFC. Therefore, it was proved that the addition of the ion conducting materials such
as PPy to the non-ion conducting media could increase the performance of the media as
electrolyte membranes.
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Chapter 4
Improvement on Performance of Passive DMFC
Chapter 2 showed the cell needed improvement of performance. From this point,
chapter 3 investigated the relationship of the ionic conductivity and the methanol
permeability of the electrolyte membrane, showing that the ionic conductivity,
especially that of the interface of the membrane and electrodes, had a significant effect
on the cell performance. Other parameters for the improvement of cell performance
include the cell configuration and also the MEA. Therefore, this chapter further studies
the design, fabrication, and performance evaluation of a 36 cm2, passive, air-breathing,
room-temperature, DMFC, focusing on the contact resistance of the current collectors
and the MEA, and on the mass of methanol crossed over to the cathode. The improved
cell runs successfully with methanol concentration ranging from 0.5 to 4 M. It produced
a power density of 11 mW cm-2 reached with 4 M methanol at current densities as high
as 36 mA cm-2 and at a voltage of 0.3. Based on the performance of this cell, a new
stack was designed. Then a part of the stack was fabricated and its performance was
evaluated with the variations of the thickness of electrolyte membrane.
4.1 Introduction
For many applications that have been proposed for small-scale fuel cells, it would be
essential that they be stand-alone systems with no external pumps or other ancillary
devices. Therefore, air-breathing fuel cells, i.e., cells that take the oxygen directly from
the surrounding air, may offer advantageous properties, because there is no need of
auxiliary air circulation devices. Here, the research and development of completely
passive room temperature operation small DMFCs power sources are investigated.
These systems are intended for portable electronics such as laptop computers, PDA
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devices, and cellular phones [1-15].
A number of technical issues were addressed and experimented before achieving target
described above. Several design parameters were decided by paying attention to the
following points: (1) the contact resistance between the current collectors and the MEA,
(2) methanol crossed over to the cathode through the electrolyte membrane, and (3)
catalytic reaction on the electrodes. From these points of view, the better conditions for
power generation were experimentally investigated.
First of all, reduction of the contact resistance was examined in control of macroscopic
pressure applied to the cell. Although the surface resistance of current collectors was
already reduced by the electrodeposition of gold as shown in chapter 2, however, the
contact resistance was dependent of the compressive load applied to the cell.
Secondly, the mass of methanol permeated through the electrolyte membrane was
reduced by the use of the thicker membrane. Chapter 3 already suggested that the
change of the membrane properties caused the increased interfacial resistance of proton
conduction, resulting in the poor cell performance even if the methanol permeability of
the membrane was decreased. Also, if the permeability of methanol is the same, the
thicker the membrane is, the lesser the methanol crossed over to the cathode. From this
point of view, Nafion 117, whose typical thickness was 183 mm, was tested instead of
Nafion 112, whose typical thickness was 51 mm [16]. In this case, properties of the
membranes were almost the same except for their thicknesses.
Finally, the catalytic activity for a passive DMFC is discussed. Arico et al. reported that
the unsupported Pt-Ru catalyst exhibited higher performance with lower activation
control and mass-polarization losses in relation to the carbon-supported catalyst [17].
Also, Liu et al. suggested that increased methanol permeation through the thinner
supported catalyst layers relative to the unsupported catalyst layers [18]. According
those literatures, unsupported catalyst, so called black catalyst, was employed to get the
performance increased.
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4.2 Experimental
4.2.1 Preparation of MEA
As for catalyst for Cell III described later, Pt-black or PtRu-black was used. The weight
ratios of the catalyst slurry were:
Anode: PtRu-black : Solvent* : Nafion = 10 : 10 : 2
Cathode: Pt-black : Solvent : Nafion = 5 : 10 : 3
*Solvent: 1,2-dimetoxyethane
To obtain thicker paste, Vulcan XC-72R carbon powder was used for both pastes.
Nafion solutions were used and their concentrations were 5 wt. % for cathode and 20
wt. % for anode.
For the anode, 0.543 g of PtRu-black and 0.06 g of Vulcan XC-72R carbon were
dispersed into 1.08 g of 1,2-dimethoxyethane with ultrasonic bath (Fisher Scientific
FS9H) for 10 min, and then 1.62 g of Nafion 20 wt. % solution was dropped into the
mixture. After 30 min of ultrasonication, 5 min of homoginization was performed by
Ultra-Turrax (Ika-Werke). For the cathode, 0.540 g of Pt-black, 0.03 g of carbon, 0.540
g of solvent, and Nafion 5 wt. % solution was applied. The paste was coated on carbon
paper using doctor blade and 0.4 mm thick Teflon sheet as mask. Also 0.12 mm thick
Teflon sheet was employed for adjusting the height of carbon paper. After first coating,
the catalyst paste-coated carbon paper was dried at 80 oC for 30 min, and then the
weight was measured. After that second coating was performed and also dried. Then the
paper was calcinated at 140 oC for 1 hour. Catalyst loadings were 6.36 mg metal cm-2
for anode and 3.92 mg metal cm-2 for cathode. Then both catalyst coated carbon paper
and Nafion 117 was hot pressed at 135 oC for 10 min, under pressure of 9.8 MPa. Area
of electrode was 36 cm2. Pre-treatment of Nafion was boiling for 1 hour and put into
plastic bag with wet condition.
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4.2.2 Voltage-current measurements
Cell was pressed with four bolts at 5 inch pounds. In order to give some compressive
load to MEA, cell was clipped between outside of Lucite plate of anode and current
collector of cathode. Hewlett Packard 6050A System DC Electronic Load was applied
to performance measurement. Initial wait was 30 min and the voltage was read 3 min
after current was set up.
4.3 Improvement of cell configuration
The resistive behavior exhibited in Fig. 2.3.9(a) leads to suspect resistance contribution
to the cell arising out of either the membrane or the various contact resistances (current
collector-electrode contact, and electrode-membrane interfacial contacts). To rule out
the role of the membrane in the observed resistive behavior, a diagnostic experiment
was conducted only with the membrane pressed under the MEA preparation conditions
and the conductivity determined using a four-probe method. The conductivity of the
non-pressed Nafion was about ca. 0.11 S cm-1 and that of the pressed Nafion was of ca.
0.093 S cm-1. This result is interesting, and shows that there is no significant damage
done to the membrane during the pressing as practiced by the ordinary process.
In order to improve the performance of Cell I, some modifications were introduced. A
perforated Lucite pinfield was designed, machined, and inserted to transform
compressive load without cutting off the smooth supply of methanol solution to the
anode (Fig. 4.3.1). A clamp was placed between outside of the Lucite end plate and
current collector of the cathode to give some compressive load to the MEA. Also, two
Lucite cross bars with Ti plate 3.3 mm over was used to apply the load uniformly and
not to prevent air from coming to the cathode. Then the performance of this new cell
denoted Cell II was measured under the same experimental conditions as for Cell I.
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Fig. 4.3.1 An improved small air passive direct methanol fuel cell. (a) Schematic design
and (b) photograph of the fabricated cell. Active area was 36 cm2. Cell II denoted in the
text.
To confirm the effect of the compressive load applied to the cell, the ohmic resistance of
the cell was measured by electrochemical impedance spectroscopy. Fig. 4.3.2 shows the
Nyquist plot for Cell I and II. Cell I shows the capacitive behavior in the high frequency
region. The behavior might be interpreted as the capacitive behavior caused by the gap
between the current collectors and the MEA, resulting in that one of the current
collector and the MEA worked as a pseudo capacitor. However, if the plots were
extrapolated from the low frequency region to the high frequency region, the shape of
the plots could be the same as that of Cell II. In that case, the ohmic resistance of Cell II
at the crossing of the real axis and the plots was supposed to be decreased by applying
the compressive load. Therefore, it can be concluded that the compressive load
decreases the contact resistance.
Press the cell with C-clamp
(a) (b)
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Fig. 4.3.2 Nyquist plot for Cell I and II. The measurements were performed at 0 V vs.
OCV. The applied ac amplitude was 5 mV. The frequency covered from 20 kHz to 5 Hz.
The next step for the confirmation of the improvement of cell performance is to check
the I-V curve for Cell II. Fig. 4.3.3(a) shows the results of polarization of Cell II under
similar conditions as for Cell I. The performance of the cell has greatly improved as a
result of the design changes. In terms of output current, the performance at all values of
cell potential increased with methanol concentration. Compared to the results of Fig.
2.3.9, an open circuit voltage of higher than 0.5 V is reached and the maximum power
density more than doubles at all methanol concentrations considered.
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Fig. 4.3.3 Effect methanol concentration on performance of 36-cm2 area DMFC (Cell II
in the text). (a) Polarization and (b) power density curves. Carbon supported Pt-Ru
anode (2.5 mg Pt cm-2 in Pt-Ru) and carbon supported Pt cathode (2.5 mg Pt cm-2) were
used. Other conditions: Current collector SUS/Au, air passive, room temperature, and
Nafion 112.
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4.4 Improvement of MEA
It was felt that the performance of the cell could be improved significantly by paying
attention to the following points in the present cell design:
¸ Compressive load applied to the MEA is insufficient and could lead to high
resistance resulting in poor performance. Therefore, two Lucite cross bars with Ti
plate 3.3 mm over were used to provide a good compressive load to the cell.
¸ The methanol crossover rate is reported to be dependent on the thickness of the
polymer membrane. Jung et al. demonstrated that Nafion 112 is poor in methanol
permeability and Nafion 117 is better [19]. Therefore, as the membrane thickness
increases, methanol crossover decreases. However, with thick membranes, the
power density of the cell will be reduced due to higher ohmic loss. This is a trade-
off for the low methanol crossover. Nevertheless, for the small DMFC, at low
current densities membrane resistance is not a factor; it would be desirable to use
Nafion 117, which has lower permeability to methanol.
¸ The catalyst used in both the electrodes for Cell I and Cell II were supported
catalysts, not blacks (i.e., unsupported). In addition, the atomic ratio of the catalyst
used is Pt : Ru = 2 : 3, which means platinum loading is relatively small. The
optimal ratio is now considered to be Pt : Ru = 85 : 15 by various academics, and
most of the technical data has been obtained with 50:50 of Pt-Ru. It is well
established in the literature that DMFC performance is better with unsupported
catalysts than with supported catalysts. A new MEA was then prepared using Pt
black and Pt-Ru black. Each MEA had 6.4 mg cm-2 unsupported Pt-Ru anode
catalyst loading with a 1:1 Pt-Ru atomic ratio and an unsupported 3.9 mg cm-2
platinum cathode loading. Carbon paper (Toray) was used for the anode and
Teflon-coated carbon paper for the cathode. A Nafion 117 was used as the
membrane electrolyte.
The membrane electrolyte was sandwiched between the sheets of the anode and cathode,
and then hot-pressed at 135 oC, 9.8 MPa for 10 min to assemble the MEA. This new
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MEA was tested with five different methanol concentrations and the cell polarization
curves are shown in Fig. 4.4.1. Cell voltage versus current density is displayed in Fig.
4.4.1(a) whereas Fig. 4.4.1(b) shows the dependence of power density on current
density. 3 M methanol gave the best performance, with 4 M yielding almost comparable
results. Of particular interest, the OCV for this MEA was almost stable and higher than
0.53 V for all methanol concentrations. It clearly demonstrates the better performance of
Nafion 117 against Nafion 112 with respect to methanol crossover and the superiority of
unsupported catalysts over the supported ones. Compared to results in Fig. 4.3.3, with 2
M methanol, the performance was greatly improved, i.e., more than 100 %
improvement in the cell voltage (at current density of near 20 mA cm-2); the maximum
achievable power density is increased by 80-90 %.
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Fig. 4.4.1 Effect methanol concentration on performance of 36-cm2 area DMFC (Cell
III in the text). (a) Polarization and (b) power density curves. Catalysts: unsupported Pt-
Ru anode (6.4 mg metal cm-2) and unsupported Pt cathode (3.9 mg Pt cm-2), current
collector SUS/Au, air passive, room temperature, and Nafion 117.
0
2
4
6
8
10
12
0 5 10 15 20 25 30 35 40
Current censity / mA cm-2
P
ow
er
 d
en
si
ty
 / 
m
W
 c
m
-2
(b)
0
0.1
0.2
0.3
0.4
0.5
0.6
0 5 10 15 20 25 30 35 40
Current density / mA cm-2
C
el
l v
ol
ta
ge
 / 
V
0.5 M 1 M 2 M 3 M 4 M
(a)
Chapter 4, 97
4.5 Design and fabrication of an improved stack
A new passive DMFC cell was designed based on the performance of Cell III. Cell III
showed the power density of 10 mW cm-2 at 30 mA cm-2 and at that time cell voltage
was 0.34 V. Target of the stack is 2 W, so if 8 cells are employed, 2,000 mW divided by
(0.34 V x 8 cells) equals 735 mA. Then to obtain the current, 735 mA divided by 30 mA
cm-2 is 24.5 cm-2. The area of electrode is assumed to be 5 cm x 5 cm. In this case,
number of pegs is 16 and volume of methanol tank is estimated to 7 mL. Methanol
consumption at 50 % fuel efficiency was calculated to 0.052 mL cell-1 min-1 of 3 M
methanol, which means the operating period is 134 min.
Design of the stack is shown in Fig. 4.5.1. The cell stack consisted of two MEAs, two
cathode separators (Cell-A), and an anode separator with pinfield (Cell-B). Materials
that consist of stack have been decided. Garolite is used as frame of cell. Garolite has
more strength than Lucite, so more compressive load can be applied to electrodes.
Exmet is used as current collector. Current is not so high, thin Exmet can be used as
current collector in order to reduce the weight of the stack. The active area of the
electrode was 25 cm2.
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Fig. 4.5.1 New design of a passive DMFC bicell stack.
The half of this new stack was fabricated as shown in Fig. 4.5.2. The MEAs for this cell
were prepared with platinum black catalyst for the cathode and platinum ruthenium
black catalyst for the anode. The catalyst loadings were about 3 mg metal cm-2.
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Fig. 4.5.2 Passive DMFC unit cell: (a) schematic cross-sectional view, photographs of
(b) anode side, and (c) cathode side. The electrode area was 25 cm2. Current collectors
used here were the same as the previous study (not Exmet).
First, cell performances were compared for membrane electrode assemblies (MEAs)
made with Nafion 112, 115, and 117, whose typical thicknesses were 51 mm, 127 mm,
and 183 mm, respectively [16], as shown in Fig. 4.5.3.
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Fig. 4.5.3 Cell voltage, power density, and temperature of passive DMFCs with various
electrolyte membranes. Cell voltages with (a) Nafion 112, (b) Nafion 115, and (c)
Nafion 117. Power densities with (d) Nafion 112, (e) Nafion 115, and (f) Nafion 117.
Cell temperatures with (g) Nafion 112, (h) Nafion 115, and (i) Nafion 117. Methanol
concentration: 0.5 M, 1 M, 2 M, 3 M, 4 M, and 5 M.
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In Fig. 4.5.3, the cell with Nafion 112 showed a limiting current density less than 20
mA cm-2, while the cell with Nafion 112 or 115 showed a limiting current density of 32
mA cm-2, at the optimal methanol concentration. In this case, almost the same cell
performance was obtained with Nafion 115 or 117, whose thicknesses were larger than
the thickness of Nafion 112. Hikita et al. reported that the influence of the cell
resistance derived from the membrane is larger than that of the methanol crossover
phenomenon on the DMFC performance in an active DMFC [20]. However, the thicker
membrane prevents methanol at the anode from permeating through the membrane to
the cathode, which indicates that the thicker membranes had an advantage over the
thinner membrane.
The voltage of the cell with Nafion 112 or 115 increased at the lower current densities
when 5 M methanol was used. This was partly because the cell didn't reached to the
steady state due to the rise in cell temperature. Liu et al. reported that the better
performance with higher methanol concentrations was mainly attributed to the increase
in the cell operating temperature caused by the exothermic reaction between permeated
methanol and oxygen on the cathode [21].
Fig. 4.5.4 shows the cell voltage and temperature of passive DMFC with various
electrolyte membranes at open circuit. The cell temperature rose to the maximum about
30 min after the measurements were started, then the temperature gradually fell down to
the room temperature. Kho et al. reported that the increase in cell temperature at open
circuit state is due to oxidation of methanol on the cathode. The changes found in OCV
and temperature were directly related to the methanol crossover phenomenon from the
anode to the cathode, which led to a decrease in OCV by producing a mixed potential
through an anodic oxidation of methanol at the cathode and an increase in temperature
by combustion of methanol to release heat and water at the cathode compartment [22].
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Fig. 4.5.4 Cell voltage and temperature of passive DMFC with various electrolyte
membranes at open circuit. Cell voltages with (a) Nafion 112, (b) Nafion 115, and (c)
Nafion 117. Cell temperatures with (d) Nafion 112, (e) Nafion 115, and (f) Nafion 117.
Methanol concentration: 0.5 M, 1 M, 2 M, 3 M, 4 M, and 5 M.
Acquisition of the data for 5 M of (b) and (e) in Fig. 4.5.4 was delayed and started after
the cell temperature was raised. The voltage around 0.6 V was maintained as the
measurements performed with other concentrations of methanol. However, it appeared
that the rise in cell temperature caused evaporation of the fuel in the reservoir. Therefore,
the time dependence of methanol concentration was examined as shown in Fig. 4.5.5.
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Fig. 4.5.5 shows the time dependence of methanol concentration in the fuel reservoir of
a passive DMFC with Nafion 117 membrane at open circuit. Besides, the fuel level and
cell temperature were measured every 30 min. The methanol concentration gradually
decreased to less than 1 M just for 90 min after the start of the measurement. In addition,
the fuel level went down to the half even 30 min after the start. Lu et al. reported that
excessive water crossover through the membrane caused water loss in the anode [23].
This phenomenon was partly due to the methanol and water crossover and also partly
caused by the evaporation of fuel due to the rise in cell temperature. The methanol
concentration measured in the experiment differed from the result of calculation. This
was partly caused by the decrease of contact area due to the evaporation of fuel.
Fig. 4.5.5 Time dependence of methanol concentration in the fuel reservoir of a passive
DMFC with Nafion 117 membrane at open circuit voltage. A sample of 100 mL fuel was
pipetted out every 30 min and its methanol concentration was determined by GC-FID
with TC-WAX column. Cell temperature was measured at the center of cathode current
collector with an infrared thermometer. The dotted line shows the methanol
concentration in the fuel reservoir calculated based on the assumption that the loss of
methanol was caused only by the crossover through the membrane and that the area for
methanol permeation was fixed to that of MEA, 25 cm2.
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4.6 Conclusions
The small direct methanol fuel cell intended for room temperature operation was
designed, constructed and tested for performance. The cell is a stand-alone system with
no external pumps or other ancillary devices. A number of technical issues such as the
type of current collector, the anode catalyst, the membrane electrolyte, and fuel delivery
were addressed in this work.
Chapter 2 suggested that the contact resistance between the MEA and current collectors
caused the loss of cell performance. So in this chapter, the improvement of the contact
was examined by applying a compressive load to the cell using the same MEA and
current collectors that were used in chapter 2. The results showed the cell performance
was vastly improved by the decrease of contact resistance. It was found that the contact
resistance had a significant effect on the cell performance. This study was original
because there was no literature on the improvement of passive DMFC by the reduction
of the contact resistance.
The next parameters chosen for the improvement were the activity of catalyst and the
thickness of electrolyte membrane. In this experiment, platinum ruthenium black for the
anode and platinum black for the cathode were employed because it was reported that
they had higher activity to the methanol oxidation or oxygen reduction. Also, the thicker
Nafion membrane was used because the mass of methanol permeated to the cathode was
lower with the thicker membrane if the same material was used. The MEA with black
catalyst and thicker membrane showed a performance higher than the original MEA due
to the synergism of catalyst and membrane. So it is concluded that on the one hand, the
active catalyst is effective for the improvement of cell performance and on the other
hand the thicker membrane enough to reduce methanol permeation to some extent is
also effective.
As can be seen in Fig. 4.4.1, the maximum peak power density as high as 11 mW cm-2
was reached with 4 M methanol at current densities higher than 30 mA cm-2 and at a
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voltage of 0.3 V. By comparison, Chang et al. [24] reported a passive DMFC producing
about 10 mW cm-2 at 0.3 V of power density. Blum et al. [25] reported that their passive
DMFC delivered 12.5 mW cm-2 with continuous recharge. Furthermore, the
performance is good and comparable to the JPL data up to 40 mA cm-2 for a five flat
pack stack DMFC with which a peak power of 12 mW cm-2 was reached at an average
voltage of 0.2 V [14]. Clearly, the passive DMFC fabricated in this experiment
competes quite well with others' passive DMFC in terms of power output. Consequently
the present prototype of 36 cm2 passive DMFC and its stack can be applied to portable
communication systems such cellular phones.
Based on the performance of cell III, a stack was designed with the ultimate target of 1-
2 W class of power delivery. These characteristics of passive direct methanol fuel cell
(DMFC) with a part of the stack, especially the effect of the thickness of electrolyte
membrane, were investigated. Cell performances were compared for membrane
electrode assemblies (MEAs) made with Nafion 112, 115, and 117, whose typical
thicknesses were 51 mm, 127 mm, and 183 mm, respectively [16]. The MEA made with
Nafion 112 showed performance inferior to the other MEAs with thicker membranes. It
appears that the mass of methanol permeated to the cathode through Nafion 112 was
large, resulting in the loss of a large quantity of fuel, because its thickness was the
smallest among the membranes used in this experiment.
The observation of fuel level in the reservoir during open circuit stand indicated that
most of the fuel was lost by methanol crossover and evaporation due to the rise in cell
temperature. It is essential to overcome the loss of fuel by methanol crossover and
evaporation, which decreases the performance of the anode significantly even when the
cell is in the stand-by mode.
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Chapter 5
Electrochemical Properties for a Passive DMFC
The previous chapters investigated the polarization curves and in some part the
impedance of the cell was measured. In addition to the results obtained, electrochemical
properties would be required for the interpretation of fundamental characteristics. In this
chapter, electrochemical properties for a passive DMFC was investigated with a pseudo
dynamic hydrogen electrode calibrated against an Ag/AgCl reference electrode,
focusing on the separation of the potentials of the anode and cathode. The separated
potentials made it possible to evaluate the performance of each electrode. The potentials
were investigated and also overvoltages of the cell were examined. The overvoltages
were attributed to the cell impedances by electrochemical impedance spectroscopy.
5.1 Introduction
DMFCs have been receiving increasing attention. Among their greatest advantages are
ease of transportation and storage of the fuel, reduced system weight, size and
complexity, high energy efficiency and low emissions [1]. In order to make the most of
DMFCs' advantages, it is essential to remove the obstacles lying over the applications of
DMFC. Recently Mueller et al. reported that DMFC was characterized by ac impedance
spectroscopy [1,2]. They measured the impedance of a DMFC against a dynamic
hydrogen electrode (DHE) consisting of the cathode compartment supplied with a
continuous stream of hydrogen [1]. Also, many researchers have investigated the
experimental procedure on the electrochemical impedance spectroscopy related to
DMFCs and PEFCs [3-13]. In these cases, they measured the impedance of cells with or
without any reference electrodes.
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Since reference electrodes are indispensable for the comprehension of electrochemical
properties, the methods for installing reference electrodes into DMFC test cells are
widely investigated [14-16]. They all employed DHE to examine the characteristics of
fuel cells. Kuver et al. reported that the optimal current was 3 to 10 mA by use of Pd
grid with 11 mm diameter. At that time, the voltage applied between electrodes was a
little higher than 4 V. Once hydrogen was charged up, a current of 0.01 to 0.04 mA was
enough. The potential of DHE is usually 
† 
-20  to 
† 
-40  mV against RHE [14]. Ren et al.
found that a current density of 6 mA cm-2 was suitable for Pt-ink-coated carbon cloth
disk of 3 mm diameter [15]. Also, Li et al. showed a current of 6 mA is suitable for 0.1
mm diameter Pt wire [16].
In the following section, overvoltages appearing during voltage-current measurements
were discussed and the electrochemical impedance of cells was examined.
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5.2 Experimental
5.2.1 Preparation of reference electrode
A pseudo dynamic hydrogen electrode was prepared by the electrodeposition of
platinum on 0.3 mmf platinum wire. The wire was pretreated by immersion in 20
vol. % HNO3 aqueous solution, followed by sonication for 5 min. Then the wire was
electrochemically polished in 0.5 M H2SO4 aqueous solution. After the pretreatment,
platinum was electrodeposited on the surface of the wire in 60 mM H2PtCl6 aqueous
solution under potentiostatic condition at 
† 
-0.15 V vs. Ag/AgCl for 5 min. All the
experiments were performed at ambient condition.
5.2.2 Cell configuration
The pseudo reference electrode was installed in a passive DMFC cell as shown in Fig.
5.2.1. An external circuit provided current of less than 10 mA to generate hydrogen at
the interface between the cathodic piece of wire and Nafion 117 electrolyte membrane.
The cathodic piece worked as a pseudo reference electrode.
5.2.3 Voltage-current measurements
Voltage-current measurements were started 30 min after methanol solution was poured
into the cell. The measurements were performed either with a fuel cell test load
(Scribner Associates 890C) or with a potentiostat/galvanostat (Hokuto Denko HA-
501G) in the control of LabVIEW software. All the experiments were performed at
ambient condition.
112
Fig. 5.2.1 Cell configuration of a passive DMFC with pseudo reference electrode:
illustrations of (a) the whole cell configuration and (b) the place where the pseudo
reference electrode was installed. Two pieces of platinized wire were placed a few mm
aside the carbon paper on the anode side of Nafion 117 electrolyte membrane.
5.2.4 Electrochemical impedance measurements
Electrochemical impedance spectroscopy was carried out in the frequency range from
10 kHz to 100 or 10 mHz, covered with 5 points decade-1. A potentiostat/galvanostat
(Hokuto Denko HA-501G) and a frequency response analyzer (NF Electronic
Instruments S-5720C Frequency Response Analyzer) were employed for the
measurements. To stabilize the condition of the cell, the measurements were started 30
min after methanol solution was poured into the cell. All the experiments were
performed at ambient condition.
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5.3 Separation of the anode and cathode potentials
5.3.1 Voltage-current measurements
By the introduction of a pseudo dynamic hydrogen electrode (DHE), potentials of both
anode and cathode were separated. However, the potential of DHE was 0.3-0.4 V vs.
Ag/AgCl. So, the potential of DHE was calibrated with Ag/AgCl in every experiment.
As mentioned in chapter 4, fuel level and methanol concentration got decreased even at
open circuit stand, therefore, the current density applied to the cell was changed as
shown in Fig. 5.3.1 to measure the cell performance in a short period.
Fig. 5.3.1 Variation of current density applied to the cell with time.
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The results of voltage-current measurements are shown in Figs. 5.3.2-3. Fig. 5.3.2
showed the limiting current density at 0.5 M methanol increased to more than 30 mA
cm-2, which exceeded the limiting current density shown in Fig. 4.5.3. Also, the current
density at 2 M increased from 31 mA cm-2 to more than 40 mA cm-2 as shown in Fig.
5.3.3. This is probably because the amount of methanol left in the fuel reservoir was
enough not to affect the cell performance. So the change of current steps was effective
in the measurement of the limiting current density.
In both cases, the cathode potentials kept almost constant potential of 0.9 V against SHE,
which meant the performance of the cathode was considered quite good within this
range of current density. However, the anode potentials got increased from 0.2 to 0.8 V
at 0.5 M test and from 0.35 to 0.6 V at 2 M. In the case of 2 M, for example, the
overpotentials calculated from Fig. 5.3.3 are shown in Fig. 5.3.4. The cathode
overpotential was nearly zero, while the anode overpotential shows constant increase
with the increase of the current density. The results indicated that the cell performance
was significantly affected by the potential of the anode.
Also, the resistances at the current density shown in Fig. 5.3.4 were calculated and
shown in Fig. 5.3.5. In this case, the cathode resistance was almost zero, however, the
anode resistance got decreased with the increase of the current density. Taken into
consideration that the anodic reaction is the oxidation of methanol, this is because the
increase of the current density leads the rise in the anode potential as shown in Fig.
5.3.3, which promotes the catalytic activity for methanol oxidation.
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Fig. 5.3.2 Potentials of anode and cathode, and cell voltage of a passive DMFC with
Nafion 117. The catalyst loading of both electrodes was controlled to about 3 mg metal
cm-2. Methanol concentration was 0.5 M.
Fig. 5.3.3 Potentials of anode and cathode, and cell voltage of a passive DMFC with
Nafion 117. The catalyst loading of both electrodes was controlled to about 3 mg metal
cm-2. Methanol concentration was 2 M.
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Fig. 5.3.4 Overvoltages against the open circuit potential of the anode or the cathode.
The data were calculated from Fig. 5.3.3.
Fig. 5.3.5 Resistances calculated from the overpotential shown in Fig. 5.3.4.
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5.3.2 Potential measurements during open circuit stand
Fig. 5.3.6 shows variations with time of potentials measured against SHE and cell
voltage of a passive DMFC with Nafion 117 at open circuit. The measurements were
started just after methanol solution was poured into the fuel reservoir. The change in cell
voltages showed rapid fall before 5,000 sec and gradual increased up to around 0.7 V as
for 4 M or less. Taking the change in potentials into account, the rapid fall was caused
by the increase of the anode potential. After that, cell voltages went up in accordance
with the rise of the cathode potential probably due to the decrease of methanol crossover
stated in chapter 4, which made anode over potential higher. In the fuel reservoir after
the open circuit stand, no methanol was detected by GC-FID with TC-WAX column. On
the other hand, at 5 M, the cell voltage was almost constant at 0.6 V. The reason of this
behavior was assumed to be the increasing anode potential even up to 50,000 sec.
After 50,000 sec, the increase of the anode potential was observed with all the
concentrations. This was due to the loss of methanol caused by the evaporation and
crossover through the electrolyte membrane, resulting in the rise in the concentration
overvoltage. It was confirmed that loss of fuel due to evaporation and crossover made it
impossible to generate cell voltage. Therefore, it is necessary to reduce the loss of fuel
practically in the stand-by mode.
Also, the cathode potential was around 1.1 V after 50,000 sec. This means if the
methanol crossover is completely suppressed, the cathode potential could be 1.1 V
during operation. The initial anode potential was 0.4 V, so if the overvoltages are
reduced, the cell voltage should be 0.7 V during operation.
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Fig. 5.3.6 Variations with time of anode and cathode against SHE and cell voltage of a
passive DMFC with Nafion 117 at open circuit. Potentials were measured with pseudo-
DHE and calibrated against an Ag/AgCl reference. Methanol concentrations: (a) 0.5 M,
(b) 1 M, (c) 2 M, (d) 3 M, (e) 4 M, and (f) 5 M.
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5.4 Determination of the electrochemical impedance for both the anode
and cathode.
5.4.1 Electrochemical impedance measurement during potentiostatic polarization
Fig. 5.4.1 shows the Nyquist plot for the MEA made with Nafion 117. First of all, the
impedance of a whole cell was measured at open circuit. The frequency ranged from 10
kHz to 100 mHz and applied ac amplitude was 10 mV0-p. The open circuit voltage was
0.507 V. Also, the impedances of the anode and cathode were measured separately. For
these measurements, the frequency ranged from 10 kHz to 10 mHz. The other
conditions are the same, except for the potentials at open circuit. The potential of the
anode was 0.377 V vs. SHE and that of the cathode was 0.852 V.
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Fig. 5.4.1 Nyquist plot for the MEA made with Nafion 117. The catalyst loadings of
both electrodes were about 3 mg metal cm-2. Methanol concentration was 2 M. "Anode
+ Cathode" means the sum of the anode and cathode impedances at the same frequency.
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The results showed that the impedance of the anode and cathode at open circuit could
successfully measured against the pseudo DHE calibrated with an Ag/AgCl reference
electrode. The arcs in the low frequency region showed that the impedance of the anode
and that of "anode + cathode" agreed well, so that of anode occupied most of the whole
impedance. In addition, this measurement has a possibility that if the impedance of the
whole cell is measured, that of the anode and cathode can be separated. In this case,
however, it might be difficult to separate the impedances because the impedance of the
cathode was negligible to that of the anode.
Fig. 5.4.2 shows the expansion of the high frequency region of Fig. 5.4.1. The
impedance of the whole cell was in accord with the sum of that of the anode and
cathode.
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Fig. 5.4.2 Expansion of the high frequency region of Fig. 5.4.1. The Nyquist plot for the
MEA made with Nafion 117. The catalyst loadings of both electrodes were about 3 mg
metal cm-2. Methanol concentration was 2 M. "Anode + Cathode" means the sum of the
anode and cathode impedances at the same frequency.
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In Fig. 5.4.2, the intersection of the plot of anode and cathode, and the real axis were
almost the same. In addition, the sum of the impedance of anode and cathode was equal
to the impedance of the whole cell. These results suggest that the dc resistance between
the anode and reference, and the dc resistance between the cathode and reference should
be the same.
Adler et al. reported that in a flat-plate geometry, the electrolyte is approximately
equipotential beyond a distance of about three electrolyte thicknesses from the edge of
the active electrodes [17]. As for the reference electrode employed in this experiment,
the positioning of the reference electrode was far enough to be affected by the anode or
cathode. So the potential of the reference electrode was supposed to be the same as the
potential of the center across the electrolyte membrane.
5.4.2 Electrochemical impedance measurement during galvanostatic polarization
In the previous part of this section, the impedance of the cell at open circuit was
successfully measured. The results showed that in Nyquist plot, the arc in the high
frequency region was attributed to the impedance of the cathode, while the arc in the
low frequency region was to that of the anode.
In addition to the information obtained, the impedance of the cell under operation
should be useful for further analysis of the behavior of a passive DMFC. As for the
electrochemical impedance measurements during galvanostatic polarization, a few
papers were published [18,19]. According to the literature [18,19] and the study in the
previous part, the electrochemical impedance measurement during potentiostatic
polarization, the measurement during galvanostatic operation was carried out. The
applied ac amplitude of current was determined to 50 mA, for 50 mA was required for
the meaningful change of the cell voltage based on Fig. 5.3.3. Figs. 5.4.3-4 show the
variations of the Nyquist plots with the current withdrawn from the cell.
122
-0.1
0
0.1
0.2
0.3
0.4
0 0.1 0.2 0.3 0.4 0.5
empty
water
OCV
250 mA
500 mA
750 mA
1000 mA
-Z
im
 / 
oh
m
Z
re
 / ohm
Fig. 5.4.3 Variations with the current of the Nyquist plot for the MEA made with Nafion
117. The catalyst loadings of both electrodes were about 3 mg metal cm-2. Methanol
concentration was 2 M. "empty" stands for the impedance of the cell when the cell was
empty and the electrolyte membrane was not wet. "water" means the impedance of the
cell only with water in the fuel reservoir.
Fig. 5.4.3 showed the arc in the high frequency region was the same throughout the
experiment and only the arc in the low frequency region was changed with the increase
of current, which meant that only the anodic reaction was affected by the current
withdrawn from the cell. "empty" showed a high dc resistance due to dried Nafion.
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Fig. 5.4.4 Variations with the current of the Nyquist plot for the MEA made with Nafion
117. The catalyst loadings of both electrodes were about 3 mg metal cm-2. Methanol
concentration was 4 M.
Fig. 5.4.4 also showed the arc in the high frequency region was the same throughout the
experiment and only the arc in the low frequency region was changed with the increase
of current, which meant that only the anodic reaction was affected by the current
withdrawn from the cell.
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5.5 Conclusions
In order to analyze the electrochemical properties of a passive DMFC, the anode and
cathode potentials have to be separated from the cell voltage during operation. However,
in research and development of DMFCs, the cell performance was mainly evaluated and
the method for potential measurements is not established. So in this chapter the
potential measurements of a passive DMFC were discussed. By the use of a dynamic
hydrogen electrode as a pseudo reference electrode, this study demonstrated that the cell
potentials were separated during operation.
The anode and cathode potentials were separated with a pseudo dynamic hydrogen
electrode calibrated against an Ag/AgCl reference electrode, resulting in the cell
measured in this chapter was anode-limited. The cathode potential kept constant during
current withdrawing up to 40 mA cm-2, while the anode potential got increased
remarkably over 0.6 V against SHE.
Also, the relationship between the concentration of methanol, partly described in the
previous chapter, and the electrode potential at open circuit was investigated. Based on
the assumption that passive DMFCs are applied to the portable energy supply, the
behavior of the cell in the stand-by mode was examined by the measurements of cell
temperature, methanol concentration in the fuel reservoir, and cell potentials. As a result,
the cell temperature rose almost to the boiling point of methanol due to the heat
generated by the oxidation of methanol permeated through the membrane at the cathode
and the methanol concentration was decreased significantly due to the methanol
permeation and the evaporation. Also, the decrease of methanol concentration caused
the concentration overvoltage, which affected the cell performance. Therefore, it is
necessary to design the cell of passive DMFCs in consideration of the heat generation
and fuel loss not only under operation but also in the stand-by mode.
The impedance of a whole cell was measured and also the impedances of anode and
cathode were measured separately by the electrochemical impedance spectroscopy. In
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the potentiostatic polarization, the impedance of the anode was in quite good agreement
with that of the whole cell. On the other hand, in the galvanostatic polarization, the arc
in the high frequency region that was related to the cathode impedance, kept constant,
while the arc in the low frequency region that was related to the anode impedance
changed with the current withdrawn from the cell. As indicated by the voltage-current
measurements, the performance of cathode appeared to be constant even at the
galvanostatic polarization. Most of the impedance of the whole cell was occupied with
the anode impedance, which also showed the cell looked anode-limited. So the further
investigation should include the improvement of anode performance, especially that of
the catalyst activity for methanol oxidation.
126
References
[1] J. T. Mueller and P. M. Urban, J. Power Sources, 75, 139 (1998).
[2] J. T. Mueller, P. M. Urban, and W. F. Holderich, J. Power Sources, 84, 157 (1999).
[3] X. Zhao, G. Sun, L. Jiang, W. Chen, S. Tang, B. Zhou, and Q. Xin, Electrochem.
Solid-State Lett., 8, A149 (2005).
[4] B. Andreaus, A. J. McEvoy, and G. G. Scherer, Electrochim. Acta, 47, 2223 (2002).
[5] J. P. Diard, N. Glandut, P. Landaud, B. L. Gorrec, and C. Montella, Electrochim.
Acta, 48, 555 (2003).
[6] H. Fukunaga, T. Ishida, N. Teranishi, C. Arai, and K. Yamada, Electrochim. Acta,
49, 2123 (2004).
[7] N. Wangner, J. Appl. Electrochem., 32, 859 (2002).
[8] J. Ihonen, M. Mikkola, and G. Lindbergh, J. Electrochem. Soc., 151, A1152
(2004).
[9] J. C. Amphlett, B. A. Peppley, E. Halliop, and A. Sadiq, J. Power Sources, 96, 204
(2001).
[10] N. Nakagawa and Y. Xiu, J. Power Sources, 118, 248 (2003).
[11] Y. H. Chu, Y. G. Shul, W. C. Choi, S. I. Woo, and H. S. Han, J. Power Sources, 118,
334 (2003).
[12] K. Furukawa, K. Okajima, and M. Sudoh, J. Power Sources, 139, 9 (2005).
[13] J. Liu, Z. Zhou, X. Zhao, Q. Xin, G. Sun, and B. Yi, Phys. Chem. Chem. Phys., 6,
134 (2004).
[14] A. Kuver, I. Vogel, and W. Vielstich, J. Power Sources, 52, 77 (1994).
[15] X. Ren, T. E. Springer, and S. Gottesfeld, J. Electrochem. Soc., 147, 92 (2000).
[16] G. Li and P. G. Pickup, Electrochim. Acta, 49, 4119 (2004).
[17] S. B. Adler, B. T. Henderson, M. A. Wilson, D. M. Taylor, and R. E. Richards,
Solid State Ionics, 134, 35 (2000).
[18] T. Osaka, T. Momma, and T. Tajima, Denki Kagaku (presently Electrochemistry),
62, 350 (1994).
[19] T. Osaka, T. Momma, K. Nishimura, and T. Tajima, J. Electrochem. Soc., 140,
2745 (1993).
Chapter 6, 127
Chapter 6
Summary and Conclusions
This thesis mainly investigated the design and fabrication of passive DMFCs as
candidates for portable electronic devices. The design and fabrication of a prototype
DMFC stack for a cellular phone pointed out that the contact resistance played a key
role in the improvement of cell performance. Another key issue was the electrolyte
membrane in the development of materials for DMFCs. The investigation showed that
the ionic conductivity including the proton conductivity at the interface of the
membrane and electrodes had a significant effect on cell performances. These problems
were not clearly pointed out so far, therefore, the results in this thesis would be
important for further improvements on the passive DMFCs. Also, the analysis of the
passive DMFCs was carried out with the cell fabricated in this study. The most valuable
establishment was that the potentials of the anode and cathode were separated by the use
of a pseudo reference electrode. The findings would be useful for the precise
investigation on the research and development of from materials to systems for passive
DMFCs. In this chapter, the results obtained in the previous chapters are summarized.
6.1 Design and fabrication of passive DMFCs for portable applications
6.1.1 Effect of the contact resistance
It is necessary to design cells that have appropriate electrode area in order to obtain
current and voltage required for operation of electronic devices by the power supplied
from passive DMFC system. Therefore, variation of cell performances with electrode
area was studied. The study showed cell performance decreased with the increase of
electrode area. The decrease of the cell performance was caused by the difference of cell
configuration because the material used and condition of the experiment were the same.
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This is attributed to the possibility that the increase of the electrode area worsens the
contact between the membrane electrode assembly (MEA) and current collectors. So,
the study suggests that it is necessary to keep good contact between the MEA and
current collectors.
To confirm the possibility of passive DMFC as a power source for portable electronic
devices, operation of a cellular phone with a passive DMFC system that consisted of
unit cells connected in series was carried out. The passive DMFCs were able to operate
a cellular phone via DC-to-DC converter. This trial system required 20 cells for the
operation of a cellular phone to meet the demands for peak current and voltage. This
study revealed that the improvement on cell performance and the reduction of the peak
load applied to DMFCs, for example, by the use of auxiliary power supply such as
capacitors or rechargeable battery to make the most of the portability of passive
DMFCs.
6.1.2 Effect of the ionic conductivity and methanol permeability of electrolyte
membranes
The composition of polyaniline into clusters of Nafion was attempted in order to reduce
methanol permeation through Nafion membrane that is widely studied as a electrolyte
membrane for DMFCs. Polyaniline has been studied as material for capacitors and
batteries, however, it is new to be used as an electrolyte membrane for DMFCs. Nafion
shows ionic conductivity by the water molecule inside the clusters, so polyaniline was
chosen as a material to fill up the clusters, which seemed not to prevent proton
transportation because it was reported that N atoms in polyaniline coordinate protons.
By the composition of polyaniline into Nafion, the methanol permeability was
decreased. The MEA made with polyaniline/Nafion composite membrane showed a
higher open circuit voltage due to the decrease of methanol permeated through
membrane to the cathode, while the increase of cell resistance more than calculation
based on the decrease of ionic conductivity. This suggested that the resistance of ion
transportation at the interface between the composite membrane and the catalyst layer of
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the MEA was increased. From these results, it was concluded that ionic conductivity at
the interface affected the cell performance rather than that of the electrolyte membrane.
In DMFCs, methanol permeation of an electrolyte membrane has a significant effect on
the cell performance. The next step was the addition of the ionic conductivity to the
engineering plastics that had low methanol permeability and high mechanical strength.
Ionic conductivity was added to PET film by the introduction of polypyrrole because
pyrrole is easily oxidized to form polymer and also has ionic conductivity. As a result,
the polypyrrole/PET membrane showed almost the same performance as Nafion based
on the methanol permeability and ionic conductivity. In addition, the process for the
preparation of composite membrane was simple, so the polypyrrole/PET membrane has
possibility to be used as a new electrolyte membrane that doesn't contain fluorine.
6.1.3 Improvement on the cell performance based on the feedbacks obtained in this
study
It was suggested that the contact resistance between the MEA and current collectors
caused the loss of cell performance. So the improvement of the contact was examined
by applying a compressive load to the cell using the same MEA and current collectors
that were used. The results showed the cell performance was vastly improved by the
decrease of contact resistance. It was found that the contact resistance had a significant
effect on the cell performance. This study was original because there was no literature
on the improvement of passive DMFC by the reduction of the contact resistance.
The next parameters chosen for the improvement were the activity of catalyst and the
thickness of electrolyte membrane. In this experiment, platinum ruthenium black for the
anode and platinum black for the cathode were employed because it was reported that
they had higher activity to the methanol oxidation or oxygen reduction. Also, the thicker
Nafion membrane was used because the mass of methanol permeated to the cathode was
lower with the thicker membrane if the same material was used. The MEA with black
catalyst and thicker membrane showed a performance higher than the original MEA due
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to the synergism of catalyst and membrane. So it is concluded that on the one hand, the
active catalyst is effective for the improvement of cell performance and on the other
hand the thicker membrane enough to reduce methanol permeation to some extent is
also effective.
6.1.4 Proposal for a passive DMFC stack
Based on the discussion in this thesis, it is suggested that not only the performance of
the electrode, catalyst, and membrane but also the performance of the cell structure and
configuration are essential to improve the total performance. Also, it is essential to
overcome the loss of fuel by methanol crossover and evaporation for practical purposes,
which decreases the performance of the anode significantly even when the cell is in the
stand-by mode.
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6.2 Analysis of a passive DMFC
6.2.1 Separation of the anode and cathode potentials
In order to analyze the electrochemical properties of a passive DMFC, the anode and
cathode potentials have to be separated from the cell voltage during operation. However,
in the research and development of DMFCs, the cell performance was mainly evaluated
and the method for potential measurements is not established. So the potential
measurements of a passive DMFC were discussed. By the use of a dynamic hydrogen
electrode as a pseudo reference electrode, this study demonstrated that the cell
potentials were separated during operation.
Based on the assumption that passive DMFCs are applied to the portable energy supply,
the behavior of the cell at the stand-by mode was examined by the measurements of cell
temperature, methanol concentration in the fuel reservoir, and cell potentials. As a result,
the cell temperature rose almost to the boiling point of methanol due to the heat
generated by the oxidation of methanol permeated through the membrane at the cathode
and the methanol concentration was decreased significantly due to the methanol
permeation and the evaporation. Also, the decrease of methanol concentration caused
the concentration overvoltage, which affected the cell performance. Therefore, it is
necessary to design the cell of passive DMFCs in consideration of the heat generation
and fuel loss not only under operation but also in the stand-by mode.
6.2.2 Proposal for further analysis of a passive DMFC
In this experiment, the cell seemed to be anode-limited. One of the reason was the
material used in this investigation was not the up-to-date ones that gave better
performance. However, the analysis confirmed that the performance of the cathode was
no problem. Taking into account that in the research and development of PEFCs the
performance of the cathode hindered the total performance, the analysis of the DMFCs
should shift to that of the cathode.
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